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Abstract
Strongly correlated systems represent one of the major topics in modern solid-state
physics. The rare-earth intermetallic compounds belonging to this class provide rich
grounds for investigation of various phenomena. They show one of the most fascinat-
ing types of ground states in condensed-matter physics. Among them are: Kondo-
lattice effects, heavy fermion behavior, superconductivity, magnetic order, non-Fermi
liquid behavior, and quantum phase transition. Those properties occur mainly due
to two competing interactions, the Kondo effect and the Ruderman-Kittel-Kasuya-
Yosida interaction.
The study of unconventional superconductivity in heavy fermion systems attracted
great interest over the last two decades. The exotic pairing mechanism (e.g. mediated
by spin fluctuations) and the symmetry of the order parameter have been intensively
discussed especially for superconducting Ce- and U-based compounds. The discovery
of superconductivity below 0.65 K in the heavy-electron system CeCu2Si2 appeared
unexpected as magnetic moments were known to destroy superconductivity. The
pronounced anomaly of the electronic specific heat at Tc, however, strongly suggests
that the unusual low temperature properties of heavy-electron systems indicate an
unconventional origin of the superconducting phase. Since the discovery of supercon-
ductivity in CeCu2Si2, the question of the exact nature and origin of this phenomenon
has been the subject of great interest in research. It has been postulated, that the
superconductivity in these materials is not caused primarily by the usual electron-
phonon mechanism but rather by some magnetic interaction. CeCu2Si2 shows a rich
phase diagram with different phases competing, depending on slight changes of the
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interactions. These properties are also strongly sample dependent. Small changes
in composition eventually lead to changes in the electron interactions. These unique
properties make this compound a fascinating subject of study. On the other hand it
is difficult to synthesis the single crystals with defined physical properties. During
the last three decades CeCu2Si2 has been an active research topic, from single crystal
growth to sophisticated experiments like high-pressure measurements, neutron ex-
periments etc. This thesis involved systematic investigations of the phase diagram,
starting with the single crystal growth of different ground state and catheterized
their physical properties including neutron experiments. The second part of the the-
sis contains, for the first time (to our knowledge), detailed investigations of the very
interesting physical properties on YbRu2Ge2, which shows a quasiquartet crystal-
electric-field ground state with quadrupolar ordering at 10 K.
The first chapter is an overview of the underlying physics of heavy-fermion sys-
tems, including a description of the Doniach phase diagram. The second part of this
chapter gives a brief introduction of crystalline-electric-field effect in rare-earth in-
termetallic compounds. Chapter 2. describes the experimental methods and crystal
growth details. This chapter provides the main focus of this dissertation, presenting
detailed experimental results for the different types of CeCu2Si2 crystals. Magnetic,
thermodynamic and transport measurements on the new generation of large high-
quality single crystals were conducted by our research group. Furthermore, compli-
mentary neutron investigations have been performed, which allowed to conclude that
both magnetic and superconducting phases compete with each other. The effect of
Ge doping on the Si site and possible coexistence of magnetic and superconducting
phase is discussed in chapter 4. Chapter 5 provides a detailed investigation of the
physical properties of YbRu2Ge2 single crystals. In addition, neutron experiments as
well as the determination the magnetic structure and crystalline-electric-field scheme
of YbRu2Ge2 are presented. The µSR experiments were also performed as a compli-
mentary method to the neutron experiments. Chapter 6 ends the dissertation with a
conclusion and summary.
Chapter 1
Introduction to f-electron physics
Electronic correlations which occur due to many-body effects can cause interesting
phenomena such as electronic localization, magnetism, and charge ordering. Different
types of strongly correlated systems are at the forefront of experimental and theo-
retical research in condensed matter physics, e.g. high-temperature superconductors,
heavy-fermion systems, manganites, ruthanates and vanadates. Among those, heavy-
fermion compounds play a major role in current research. CeAl3 was the first reported
heavy-fermion compound based on its unusual low-temperature specific heat [1] with
a Sommerfeld coefficient of 1500 mJ/mol.K2 and sparked strong interest in heavy-
fermion materials. This behavior predominantly occurs in compounds with elements
with partially filled 4f and 5f electrons, since the 4f- and 5f-electrons can switch from
localized to delocalized states. The discovery of heavy-fermion superconductivity in
CeCu2Si2 in 1979 [2] was the decisive step which established these systems at the
core of strongly correlated physics. Heavy-fermion superconductivity has meanwhile
been observed in several Cerium [3, 4, 5, 6], Praseodymium [7], Uranium [8,9], and
has recently been discovered in Plutonium [10] and Ytterbium [11] compounds as
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well. Nevertheless, the nature and the mechanism of heavy-fermion superconductiv-
ity are still not settled. The physics of heavy-fermion is caused by two main effects:
The Kondo effect [12,13] with a tendency to screen the moments and produce a non-
magnetic ground state and the Ruderman-Kittel-Kasuya-Yosida interaction [14, 15,
16] which favors long-range magnetic order.
1.1 Kondo effect and Ruderman-Kittel-Kasuya-Yosida
interaction
The Kondo effect was observed for a single magnetic impurity in a non-magnetic
metallic host. Below a characteristic temperature, the so-called Kondo temperature,
a strong coupling occurs between the magnetic impurity and the conduction electrons
leading to the disappearance of the local magnetism. The coupling of the localized
spin S⃗ and the spin of the conduction electron s⃗ can be reduced to an exchange term
given by the Hamiltonian:
H = −JS⃗.s⃗ (1.1.1)
where J is the coupling term between the local spin and the conduction electrons. The
Kondo temperature TK is the temperature where a spin-singlet state forms through
the antiferromagnetic coupling between the conduction electrons and the localized
spins. It is related to the coupling term J and to the density of states of the conduction
electrons N(EF) at the Fermi level.
kBTK ≃ 1/N(EF)exp(−1/JN(EF)) (1.1.2)
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The physical properties can be described within the Fermi-liquid theory with
strongly renormalized parameters. The large density of states is reflected in an en-
hanced mass of the heavy quasiparticles. For T → 0 K, the specific heat, C, the
susceptibility, χ, and the resistivity, ρ, vary as:
• The Sommerfeld coefficient γ of the electronic specific heat ⇒ γ = Cel/T ∼
1/TK
• Susceptibility ⇒ χ ≃ 1/TK
• Resistivity ⇒ ρ = ρ0(1− a[T/TK]2)
One can expand the concept of the Kondo-impurity effect to the Kondo-lattice
effect by placing a magnetic ion at every lattice site. In the Kondo lattice, magnetic
ions are no longer impurities. The Kondo-lattice Hamiltonian can then be described
as follows:
H = Σkσϵkσckϵ
†ckσ + (2J/N)Σis⃗iS⃗i (1.1.3)
The first term is the kinetic energy of conduction electrons and the second term
is the exchange interaction between conduction electrons and the localized spins. ϵkσ,
c†kσ and ckσ are the conduction electron energy, the creation operator of a conduction
electron with spin σ and the annihilation operator of a conduction electron with spin
σ, respectively.
The Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange interaction between lo-
calized magnetic impurities embedded in a host metal has played an important role in
the theory of magnetism. The magnetic moment of one impurity scatters the conduc-
tion electrons, which are then seen by a different impurity. It is an indirect exchange
4
interaction which couples moments over relatively large distances. The RKKY ex-
change interaction dominates in rare-earth metals where little or no direct overlap
between neighboring magnetic f-electrons appears. The RKKY interaction is the ba-
sic ingredient for many phenomena in heavy-fermions systems. The interaction is
characterized by an energy scale, given by
kBTRKKY ≃ J2N(EF) (1.1.4)
where J is the same exchange term as introduced for the Kondo interaction and kB is
the Boltzmann constant. The heavy-fermion systems are governed by the interplay of
the two energy scale; the Kondo scale and the RKKY interaction. Both scales depend
on the strength of the exchange coupling, the density of conduction electrons, and
the dimensionality of the lattice. While the Kondo effect tends to compensate the
localized spin, the RKKY interaction develops magnetic order between the localized
spins. The competition of these two interaction leads to the popular Doniach diagram
(Fig.1.1) [17].
This diagram (in an extended version of original Doniach diagram) displays the
variation of the RKKY interaction and of the Kondo temperature with increasing
J . The resulting ordering temperature TN grows initially with increasing J , then
passes through a maximum and is eventually suppressed to zero at a critical value Jc
corresponding to a ”quantum critical point” (QCP). This kind of behavior of TN has
been experimentally observed with increasing pressure or chemical doping in many
cerium compounds.
For J values smaller than the value Jc, the compounds are in a magnetically
ordered state. For Ce and Yb-based compounds, the magnetic ordering temperature
5
T
N
QCP
Figure 1.1: Extended Doniach phase diagram (FL = Fermi liquid, HF = heavy-
fermion). The dotted lines represent TRKKY (blue) and TK (red). The full line repre-
sents the ordering temperature TN and the dashed line the temperature below which
FL behavior is expected [17].
6
is of the order of 2 K to 20 K and 1 K to 5 K, respectively. They present heavy-fermion
character only in the vicinity of Jc. For J > Jc, the compounds are paramagnetic and
can exhibit a very strong heavy-fermion character with a Sommerfeld coefficient γ in
the order of 1 J/(mol.K2). The coupling term J might be tuned by the application
of hydrostatic pressure. In the case of Ce-based heavy-fermion systems, the magnetic
Ce3+ state is destabilized upon applying pressure since its volume is smaller than that
of the non-magnetic Ce4+ ion. By contrast, the magnetic Yb3+ state is favored over
the non-magnetic Yb2+ with pressure. Thus, pressure stabilizes the Kondo effect
(large J) in Ce compounds whereas it yields magnetic ordering (small J) for Yb
systems.
1.2 Heavy-fermion systems
The heavy-fermion state corresponds to one possible type of ground states of Kondo-
lattice systems. The term heavy-fermion originates from the huge increase of the
Sommerfeld coefficient γ of the electronic specific heat at low temperatures. The spe-
cific heat coefficient is proportional to the effective electron mass and the density of
states. This huge increase of γ results from the Kondo resonance. When conduction
electrons interact with a scattering potential which is not sufficiently attractive to
produce a bound state below the conduction band, they tend to be localized only
for a short time in the vicinity of the scattering center. This resonant scattering in-
duces a narrow peak in the conduction-band density of states very close to the Fermi
energy. As a result the specific heat coefficient and the Pauli paramagnetic suscepti-
bility are enhanced below the characteristic Kondo temperature TK. The scattering
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amplitudes from the Kondo ions start to superimpose coherently according to the pe-
riodicity of the crystallographic lattice below the so-called ”coherence temperature”.
As Bloch-wave states of Kondo scatterers form below the coherence temperature a
strong decrease of the resistivity is observed at low temperatures. Well below the
coherence temperature, the resistivity usually shows a Fermi-liquid behavior: ρ = ρ0
+ AT2. The coefficient A is related to the electronic specific heat coefficient through
the Kadowaki-Wood relation, i.e. A ∝ γ2. Since heavy-fermion systems have huge
γ values, the coefficient A also exceeds that of simple metals by several orders of
magnitude.
Most low-T properties of paramagnetic heavy-fermion systems are found to be in
good agreement with Landau’s Fermi-liquid theory. However, a new class of com-
pounds has emerged in recent years whose physical properties at low temperatures
show remarkable deviations from the Fermi-liquid theory, and are therefore called
”non-Fermi liquid” (NFL) systems. NFL behavior in f-electron systems is charac-
terized by weak power-law or logarithmic temperature dependences of the physical
properties at low temperatures as follows
Resistivity: ρ = ρ0(1 + aT
n), n ≃ 1 - 1.5
Electronic specific heat: Cel/T ≃ bT (−m), 0 < m < 1
Susceptibility: χ ≃ cT (−k)
NFL behavior is often observed to occur near a second-order phase transition that
has been suppressed to zero by pressure, chemical substitution or magnetic field. A
wide variety of f-electron materials display NFL behavior, e. g., CeCu2Si2, CeRhIn5,
YbRh2Si2, CeCu6−xAux.
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1.3 Crystal-electric-field effects
One of the main factors responsible for the considerable anisotropy of the magnetic
properties in compounds with rare-earth metals is the effect of the crystal-electric
field on the 4f electron shell of rare-earth ions. Magnetic properties of rare-earth
intermetallics result to a large extent from the interplay of crystalline-electric-field
(CEF) and exchange interactions. The CEF removes the degeneracy of the ground
state multiplet of the rare-earth ion. This results in specific magnetic properties
of the corresponding compound. When the rare-earth ion has an even number of 4f
electrons, the lowest level of the ground state multiplet is in particular cases a singlet.
In this case, the rare earth ion may behave like a nonmagnetic ion. Therefore, the
study of CEF effects is an important subject in the field of rare-earth magnetism.
The 4f electrons of a rare-earth ion in a solid are well localized, but neverthe-
less experience an electrostatic potential that originates from the surrounding charge
distribution. The CEF Hamiltonian, describing the electrostatic interaction of the
aspherical 4f charge distribution with the aspherical electrostatic field arising from
its surrounding, can be written as
HCEF = −
nf∑
i=1
eV (ri) (1.3.1)
where V(ri) is the electrostatic potential due to the surrounding ions at the loca-
tion ri of the 4f electron i . The most convenient way to deal with this Hamiltonian
is to expand it in spherical harmonics Ynm.
HCEF = −
∞∑
n=0
n∑
m=−n
Amn
nf∑
i=1
rni Y
m
n (θiφi) (1.3.2)
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where Anm are coefficients of this expansion and regarded as the structural CEF
parameters. Their values depend only on the crystal structure and determine the
strength of the CEF interaction. n is a positive number restricted to the range n ≤
2J, where J is the total angular momentum of the ion. The calculation of the matrix
elements of the Hamiltonian (1.12) can be performed by direct integration. However,
the technique called the Stevens operator equivalent method is much more convenient
and is widely used. This method by Stevens [18] is described in detail by Hutchings
[19]. In this method, the x; y; z coordinates of a particular electron are replaced by
the components Jx, Jy, Jz of the multiplet of J . The CEF Hamiltonian (1.12) then
takes the form
HCEF = −
2J∑
n=0
n∑
m=−n
Bmn O
m
n (J) (1.3.3)
Here, the coefficients Bnm are called the CEF parameters and O
n
m are the Stevens
equivalent operators, which have all been tabulated [18]. CEF interactions have been
analyzed for many compounds. The situation becomes increasingly more complex for
systems with low crystal symmetry. For cubic symmetry the CEF can be described
by only two parameters B4 and B6
HCEF = B4(O
0
4 + 5O
0
4) +B6(O
0
6 − 21O46) (1.3.4)
For tetragonal symmetry in general, five CEF parameters Bnm are needed
HCEF = B
0
2O
0
2 +B
0
4O
0
4 +B
4
4O
4
4 +B
0
6O
0
6 +B
4
6O
4
6 (1.3.5)
However for Ce ions the sixth order parameter is zero. These CEF parameters
Bnm are usually evaluated from the analysis of experimental data. The method in-
cludes fitting the magnetization curves, inelastic neutron scattering spectra, and the
10
temperature dependence of the specific heat or of the susceptibility.
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Chapter 2
Single crystal growth of
CeCu2(Si1−xGex)2 and YbRu2Ge2
systems
2.1 Introduction
Heavy-fermion systems are generally intermetallic compounds containing unstable f-
shell elements like Cerium, Ytterbium and Uranium etc. These compounds show
anomalous low temperature properties like a large electronic specific heat coefficient,
a large Pauli paramagnetic susceptibility, non-Fermi-liquid behavior, quantum phase
transitions, and unconventional superconductivity. In order to study these properties
it is important to possess samples of very good quality. High crystal purity is essential
since some of these properties, like e.g. superconductivity, are extremely sensitive to
actual composition, impurity phase and defects. Furthermore, large single crystals
are desired for some specific investigations like neutron experiments.
The techniques used for crystal growth depend strongly on the compounds, e.g., on
its thermal properties and on the related solid-liquid-vapor phase diagram. Crystals
can be grown by a variety of different methods, e.g., growth from the melt, solution,
14
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Ce:Cu:Si
19.5:39:41.5
τ1 –CeCu2Si2
τ2 –CeCu2-xSix
τ3 –Ce2Cu3Si5
τ4 –Ce(Cu1-xSix)2
γ- Cu6Si
β -CeCu6
η - Cu3Si
Ce:Cu:Si
22:39:39
Ce:Cu:Si
19.5:41.5:39
Figure 2.1: Partial ternary phase diagram of Ce-Cu-Si, part marked with τ 1 shows
the homogeneity region of CeCu2Si2 [6].
vapor, and from the solid state. Crystal growth from the melt is the most widely used
method for preparation of large single crystals. In the present work a combination
of Bridgman and flux method for growing Ce and Yb based compounds has been
applied.
2.2 Bridgman method
The investigation of the ternary phase diagram provides the basis for the choice of
an appropriate starting composition for the crystal growth. The phase relations in
16
CeCu2Si2
AFM
A + SC
SC
SC
T(K)
1
TA
Tc
A AS SA  S
CeCu2(Si1-xGex)2
A
g gc
0
Figure 2.2: Upper part shows schematic magnetic and superconductivity phase dia-
gram as a function of f-hybridization g, investigated by doping and isostatic pressure
experiments. Lower part shows the effect of composition on the occurrence of different
(magnetic or superconducting) ground states in pure CeCu2Si2.
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the ternary Ce-Cu-Si system have been established in isothermal sections by several
research groups [1, 2, 3]. The isothermal section of the Ce-Cu-Si system at 600◦C, as
shown in Fig. 2.7, is based on an early investigation and was complemented by data
obtained in the group of C. Geibel. The phase CeCu2Si2 with the ThCr2Si2 structure
type forms peritectically at 1545 ◦C (±15 ◦C) [2]. Thus, a melt composition should
be used that is located within the primary solidification area (i.e. the composition
region where CeCu2Si2 is the first phase to solidify out of melt) not too far from the
peritectic composition, which according to early reports is close to 30 % excess Cu [4,
2]. Otherwise, a crystal growth starting with a melt of CeCu2Si2 composition would
lead to the formation of Ce2CuSi3. The second problem is the extreme sensitivity
of the low-T properties of CeCu2Si2 on tiny changes in composition. Thus, one
observes within the small homogeneity region of CeCu2Si2 different types of ground
states, a magnetic (A-type), a superconducting (S-type), a phase with competing
magnetism - superconductivity (A/S-type) and a disordered magnetic state (X). This
result is attributed to the fact that CeCu2Si2 is located very close to a quantum
critical point where magnetic order is suppressed and replaced by superconductivity.
This is demonstrated in the upper part of Fig. 2.2, which shows a schematic phase
diagram of the ground states vs. the c-f hybridization strength here named g. This
schematic phase diagram was drawn using the data from pressure experiments and
chemical doping experiments. It shows three different phases. The AFM phase is a
more local-moment antiferromagnetic (AFM) phase. It is possible to obtain this AFM
phase by replacing Si by isoelectronic Ge, which acts as negative chemical pressure.
The A phase is a spin-density-wave type of magnetic order [8] while the S phase
corresponds to the superconducting phase. Further on, this phase diagram shows the
18
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Figure 2.3: Peritectic formation of CeCu2Si2 single crystals from Cu rich melt, melt
concentration is 60 mol % CeyCu2Si2 + 40 mol % Cu [5].
possible coexistence of the magnetic and the superconducting phase on the left side,
while on the right side superconductivity and magnetic order compete, the former one
expelling the latter one below Tc. These different phases are obtained under isostatic
pressure or by varying the Cu to Si ratio.
The aim of the present work was set to grow large single crystals for all these
different ground states, in order to perform neutron experiments and to investigate
the nature of the A phase, the interactions between the unconventional magnetic
state and the superconducting phase, and also to look at the possible competition
or coexistence of superconductivity and magnetism in pure CeCu2Si2 and Ge-doped
single crystals.
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(1-y) Ce + 2*Cu + 2*Si
Arc melting (Ar Atmosphere)
60 mol % Ce1-yCu2Si2 + 40 mol% Cu 
Al2O3 or ZrO2 or MgO Crucible
+
Covered with Zr foil
Resistance furnace with Ar Atmosphere 
Temperature – time profile
Figure 2.4: The flow chart of the steps involved in single crystal growth of CeCu2Si2.
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It was known that in polycrystalline samples the different ground states can be
obtained by taking different Cu to Si ratio. For example, the Cu rich side, CeCu2.05Si2
leads to a superconducting ground state (S-type). By contrast, excess of Si leads to
the so called disorder state (X-type), which is short range magnetic ordered. The
lower part of Fig. 2.2 shows the location of the different ground states in different
colors within the homogeneity region in partial phase diagram of Ce-Cu-Si. In S
type e.g., some of the Si sites are replaced by Cu which leads to an increase of
the hybridization between the conduction electrons and f electrons. Therefore, it is
essential to control the Cu-to-Si ratio in the single crystal growth in order to control
the physical properties. For this purpose we modified the crystal growth method.
Instead of growing single crystals from the melt with the exact 1:2:2 composition (pure
Bridgman method), we used a combination of the flux and the Bridgman method.
Basically we used a self-flux method with Cu as flux. We cooled the melt by moving
the crucible slowly from high temperatures towards low temperatures. Thus, one can
call this technique a modified Bridgman method or self-flux Bridgman method. When
using Cu as flux, it is not possible to control the Cu-to-Si ratio directly. Therefore,
we used Ce as tuning element, which basically tunes the Cu-to-Si ratio indirectly. In
order to get a CeCu2Si2 single crystal with Cu excess, we start with Ce1.05Cu2Si2 and
Cu flux, which effectively corresponds to a Si deficiency in the melt. Fig. 2.3 shows
how CeCu2Si2 forms peritectically out of a Cu-rich melt. In M. Deppe’s thesis [5], he
developed the growth technique for Ge-doped single crystals. He studied the influence
of the amount of Cu excess and found that 40 mol % of Cu flux is best to obtain large
single crystals of good quality. In this work we used 40 mol % for all the synthesis of
pure and Ge-doped CeCu2Si2 . We initially worked with different crucible materials in
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order to study the effect on the ground state properties. It was known that in Al2O3
crucible Al slightly dissolves in the flux and might enter the main phase. In order
to look for better possibilities we tried different crucibles, for example ZrO2 crucible,
which have to be stabilized by e.g. Yttrium oxide. The problem is that our chemical
analysis showed some amount of Yttrium in single crystals. Then one expects Yttrium
to substitute Ce ions, which should result in a change in physical properties like e.g.
the destruction of the coherence. We also attempted to use MgO crucibles, however,
this results in a strong reaction between the melt and the crucible. Thus, finally
we used large and conical shaped Al2O3 crucible. The aluminum contamination is
reduced by taking a large (about 50 gm) melt, which reduced the ratio between
contact surface between melt and crucible compare to the volume of the melt. The
conically shaped crucibles allowed for the formation of initial crystals which act as
seeds for further crystal growth.
Table 2.1: Starting composition and expected ground state for the final series of
growth.
Sample Starting composition Expected −Type
#57004Al2 Ce0.90Cu2Si2 (polycrystalline) + Cu flux A−type
#57010Al1 Ce0.925Cu2Si2 (polycrystalline) + Cu flux AS−type
#57004Al3 Ce0.95Cu2Si2(polycrystalline) + Cu flux AS−type
#57009Al1 Ce0.975Cu2Si2 (polycrystalline) + Cu flux SA−type
#57006Al1 Ce1.0Cu2Si2 (polycrystalline) + Cu flux SA−typ
#57008Al1 Ce1.05Cu2Si2 (polycrystalline) + Cu flux S-type
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Figure 2.5: As-grown single crystals with a size of approximately 4 mm × 5 mm ×
10 mm.
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Figure 2.6: Low-temperature specific heat for for three different types of CeCu2Si2
single crystals.
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Fig 2.4 shows the flow chart of the steps involved in single crystal growth. Poly-
crystalline CeyCu2Si2 samples with different y in order to get different ground states
are prepared by arc melting in Ar atmosphere (table 2.1). The weight loss during
the arc melting is less than 1 %. Ce (4N) from Ames lab as well as commercial Cu
(5N) and Si (5N) served as starting material. The pre-alloyed samples are mixed
with the appropriate amount of Cu (40 mol%) and put into an Al2O3 crucible, which
is covered with Zirconium foil to act as an oxygen getter. The single-crystal growth
time-temperature profile is shown in the lower part of Fig. 2.4. The time-temperature
profile is based on results of Differential Scanning Calorimetry (DSC) investigations
for samples with different amount of Cu flux. Based on these results, we were able to
determine the exact liquidus temperature, i.e. where the whole batch is completely
melted. The determination of the liquidus temperature is of importance to avoid
overheating of the melt which would cause a stronger contamination with aluminum.
The crucibles are heated to 1540 ◦C and kept for 1hr to ensure that the whole batch
is melted, then the melt is cooled down to 1510 ◦C by pulling down the crucible while
keeping the furnace temperature constant. This initial fast cooling process avoids
to keep the melt for too long at high temperature, which would also results in a
higher Al-content. The crystals were grown by pulling down the crucible at a rate
of 0.25 mm/hr, which corresponds to approximately 0.75 ◦C/hr. The total crystal
growth takes place in approximately 6 to 7 days. More details of the furnaces can be
obtained in M. Deppe’s thesis [5]. After the growth the crystals were extracted me-
chanically. With this method it is possible to synthesize large single crystals of mass
ranging from a few hundred milligram to a few grams. Fig 2.5 shows the as-grown
single crystals of size approximately 4 mm × 5 mm × 10 mm. After optimizing the
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growth process we performed a series of growth attempts where only the y parameter
was changed. Batch number, starting composition and the expected ground state are
listed in table 2.1. These single crystals were the basis for detailed studies of the
physical properties presented and discussed in chapter 3 and chapter 4. To provide
an idea we display here the low-temperature specific heat for three single crystals
with different ground states. Fig 2.6 shows the low-temperature specific heat divided
by temperature versus temperature of an A-type, an AS-type and an S-type single
crystals below 1.5 K. The three curves show different kind of anomalies. The shape
of the anomaly at 0.85 K in the data of the A-type crystal indicates a transition
to long-range AFM order [8]. The AS-type sample undergoes two subsequent phase
transitions, the first one at TN = 0.7 K with a small anomaly indicating the formation
of long-range AFM order and a transition to a superconducting state at Tc = 0.5 K
with a larger anomaly. In the case of the S-type crystal, the superconducting phase-
transition anomaly is rather sharp and large with a step size of nearly 1 J/mol.K2.
Although these three different single crystals show different physical ground state, we
did not find substantial differences in lattice constants nor in chemical analysis, see
discussion in chapter 3.
The same growth procedure was adopted for Ge-doped CeyCu2Si2 single crystals.
With increasing Ge content the melting temperature decreases. Therefore, we started
the crystal growth at a slightly lower temperature (1500 ◦C) instead of 1510 ◦C. We
also studied the effect of the Ce-to-Si ratio on the physical properties and the ground
states by varying the initial Ce content y as in undoped sample. We grew single
crystals of CeyCu2(Si1−xGex)2 and Cu flux for y = 0.8, 0.9, 0.98, 1.05 and x = 0.02
and 0.1. The structural and the physical properties of the Ge-doped single crystals
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are reported and discussed in chapter 4.
2.3 Synthesis of YbRu2Ge2
The sensitivity of ytterbium to air and moisture required the sample handling to be
carried out in an argon-filled glove box. The polycrystalline YbRu2Ge2 samples were
prepared by a sintering method. A stoichiometric (with 2 % excess of Yb) amount of
the three elements (99.99 % pure) were put in an Alumina crucible, which was then
sealed inside a tantalum crucible using arc welding in Ar atmosphere. The element
mixture inside the sealed Ta crucible was reacted at 1200 ◦C for four days in Ar
atmosphere and then cooled to room temperature at 300 ◦C/h. The sample was
subsequently powdered and pressed into pellets and heated (in a sealed Ta crucible
) to the same temperature for 6 more days. X-ray powder diffraction and energy
dispersive X-ray analysis (EDAX) was used to check the composition and the structure
of the sample, confirming the formation of polycrystalline of YbRu2Ge2 with lattice
parameter a = 4.2105 (10) Å and c = 9.7567 (20) Å.
Single crystals of YbRu2Ge2 were prepared using the flux method (both Sn- and
In-flux). In Indium flux we got comparatively larger and good quality single crystals.
A stoichiometric amount of Yb (4N), Ru (5N), Ge (5N) and 98 mol% In were put in
an Al2O3 crucible which was then covered with Zirconium foil and heated to 1550
◦C.
It was kept there for 12 hr, then cooled slowly to 1400 ◦C at 3 ◦C/hr cooling rate
before cooling to room temperature at 250 ◦C per hour. The single crystals were
mechanically extracted from the melt at 300 ◦C temperature, basically picking the
single crystals from the flux melted on a hot plate. Finally, the remaining flux was
chemically etched from the surfaces. The upper part of Fig. 2.8 shows the extracted
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Figure 2.7: X-ray power diffraction pattern of YbRu2Ge2, both polycrystals (blue)
and single crystals (green). The vertical bars mark the expected Bragg peaks posi-
tions, un-indexed peaks correspond to impurity phases.
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single crystal. Some single crystals were crushed into powder and performed X-ray
powder diffraction (Fig. 2.7). The results confirm the formation of YbRu2Ge2 with
lattice parametera = 4.2116 (10) Å and c = 9.7545(20) Å. These lattice parameters
correspond to those obtained in the analysis of our polycrystals, a = 4.2105 (10) Å
and c = 9.7567 (20) Å, but differed significantly from those reported in the literature,
a = 4.203 (4) Å and c = 9.763 (9) Å [7] . With this method it is possible to get
comparatively large single crystals of 5 mg to 50 mg with good quality, see upper
part of Fig. 2.8. The lower part of Fig. 2.8 shows the resistivity measured from room
temperature down to 2 K. The residual resistivity ratio is about 22, which is com-
paratively high for Yb transition-metal compounds indicative of good quality. The
detailed investigation of YbRu2Ge2 using resistivity, susceptibility and specific heat
measurements as well as local probes like neutron and µSR experiments is presented
in chapter 5.
2.4 Experimental methods
The crystal structure and phase purity was investigated by standard X-ray pow-
der diffraction. The orientation of the single crystals was determined with a Laue
camera. Physical properties like resistivity and specific heat were measured down
to 400 mK and up to 14 T magnetic field in standard Quantum Design Physical
Property Measurement Systems (PPMS) with 3He option. Resistivity and specific
heat were determined using a standard four-lead method and a thermal relaxation
method, respectively. DC susceptibility and isothermal magnetization measurements
up to 5T were performed in a commercial Superconducting Quantum Interference
29
Device (SQUID) magnetometer (Quantum Design). The angle dependent magneti-
zation measurements on single crystals were carried out using the rotator option of
the SQUID magnetometer.
The zero field (ZF) µSR (Muon Spin Rotation, Relaxation and Resonance ) mea-
surements were performed at the pulsed neutron and muon facility at ISIS (Ruther-
ford Appleton Laboratory. UK). In this spectrometer the sample was mounted into
an Oxford Instruments Variox cryostat (1.2 K-300 K). 100 % spin polarized muons
with an energy of approximately 3.2 MeV were implanted into the sample. These
muons come to rest rapidly (in 10−10 s). After thermalizing in the sample the spin of
the muons precess in the magnetic field at the muon site and subsequently decay into
positrons [9, 10]. These positrons are emitted preferentially along the spin direction
of the muon at the time of decay. The sample was mounted onto a silver plate. Any
muon implanted into the silver will give a time and temperature independent signal
in the asymmetry. The asymmetry is determined by the equation
Gz(t) =
NF − αNB
NF + αNB
(2.4.1)
where NF is the counts in the forward detectors, NB is the counts in the backward
detectors, and α is a calibration constant
The elastic neutron diffraction measurements on polycrystalline samples of YbRu2Ge2
was carried out using D20, a two-axis diffractometer at the reactor at Institute Laue-
Langevin (ILL) in Grenoble, and neutrons with a wavelength of 2.41 Å. The inelastic
neutron experiments on YbRu2Ge2 to determine the crystal field scheme were per-
formed in the HET spectrometer at the pulsed neutron and muon facility at ISIS
(Rutherford Appleton Laboratory, UK). The neutron scattering experiments on pure
and Ge-doped CeCu2Si2 were performed in various experimental facilities at ILL in
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Grenoble, with the two-axis diffractometer E6 at the HMI Berlin, and the three-axis
spectrometer PANDA at the Forschungsneutronenquelle Heinz Maier-Leibnitz FRM
- II, Garching [8].
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Chapter 3
Magnetism and superconductivity
in CeCu2Si2
3.1 Introduction
In 1979, the discovery of superconductivity in CeCu2Si2 being the first heavy-fermion
superconductor [1] has opened up a new field of research in condensed matter physics.
Yet, the nature and the mechanism of the superconducting phase is still under debate.
CeCu2Si2 crystallizes in the tetragonal ThCr2Si2 structure type (see Fig. 3.1). The
Ce ion is in a nearly trivalent state with a total angular momentum J = 5/2. The
resistivity increases below room temperature with lowering the temperature indicative
of the Kondo effect. Below 20 K, it drops due to the onset of coherent scattering of
the conduction electron by the Kondo ions.
Besides the superconducting state in CeCu2Si2 exhibits further ground states even
at ambient pressure. Nearly 10 years after the discovery of superconductivity (SC),
NMR and µSR measurements observed a second phase called A phase, which was
suggested to be of magnetic origin [2, 3]. It is believed that the compound is close
to an antiferromagnetic quantum critical point (QCP) at slightly negative pressure
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Figure 3.1: Crystal structure of CeCu2Si2, ThCr2Si2 structure type.
at which the A phase disappears [4, 5, 6, 7, 8, 9, 10, 11]. The QCP is accessible,
for example, by partial substitution of Si by Cu in non-stoichiometric sample or by
a small pressure. When applying pressure, Tc initially remains close to its ambient
pressure value, followed by a sudden increase at 3 GPa up to 1.5 K. Further increase
of the pressure results in a slow suppression of Tc. Many of the superconducting
properties of CeCu2Si2 cannot be understood in terms of the BCS theory, which
was established to describe the physics of conventional superconductors. One of the
exceptional features in CeCu2Si2 is the fact that heavy quasiparticles condense into
heavy Cooper pairs.
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Figure 3.2: Complex phase diagram of CeCu2Si2 as a function of the hybridization
strength g using the results of pressure and chemical doping experiments.
Ce-based heavy-fermion superconductors, however, are still scarce. The applica-
tion of pressure in the 10 to 100 kbar range to members of this structure family such as
CeCu2Ge2 [4, 5, 7], CePd2Si2[12] and CeRh2Si2 [13] is necessary to induce supercon-
ductivity. Recently a new family of cerium compounds, CeMIn5, was added where at
ambient pressure heavy fermion superconductivity occurs for M = Co and Ir at Tc =
2.3 and 0.4 K, respectively [14, 15]. In CeRhIn5, pressure initiates superconductivity,
below Tmaxc = 2.1 K [16]. The crystal structure of these latter compounds can be con-
sidered as quasi-two-dimensional variants of CeIn3 [17, 12]. CePt3Si is a very recent
heavy fermion SC with Tc = 0.75 K that orders magnetically at TN = 2.25 K. Specific
heat [18], NMR [19, 20] and muSR [21] studies indicate that superconductivity and
long range magnetic order coexist on a microscopic scale.
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As mentioned earlier CeCu2Si2 presents a complex phase diagram with different
ground states (cf. Fig. 3.2). The label g plotted at the abscissa marks the tuning
parameter, which represents the hybridization strength between local f-electron and
conduction electrons. This hybridization strength can be varied by fine tuning the
Cu to Si ratio, by applying isostatic pressure, and also by replacing Si by Ge, which
acts as negative chemical pressure. It shows three different phases, including AF-
type (localized antiferromagnetic Ce moments), A-type (Spin Density Wave) and
SC phases (superconducting phase)[22, 23, 24, 25]. In this work we aim at growing
large single crystal with precise ground-state properties in order to study the physical
properties and to perform neutron experiments.
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Figure 3.3: Temperature dependence of magnetic susceptibility χ in an applied field
of 5 T, measured along the two crystallographic axis a and c. Inset: Inverse of the
average susceptibility χavg as a function of T .
3.2 Different physical ground states in CeCu2Si2
3.2.1 A-type CeCu2Si2
As explained in the crystal growth chapter and introduction of this chapter, the low
temperature properties of CeCu2Si2 are very sensitive to the stoichiometry, for e.g.,
Ce:Cu:Si ratio [24, 26]. It is possible to get different type of single crystals by tuning
the initial composition. By starting with a deficit of Ce, which leads to a deficit of
Cu in the resulting single crystal, we succeeded to grow large (0.1 to 1.4 g) A-type
CeCu2Si2 single crystals and investigated their properties.
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Figure 3.4: Temperature dependence of the specific heat C/T of CeCu2Si2 A-type
single crystal, in zero applied magnetic field. The plot shows a pronounced anomaly
at 0.85 K and a second one around 0.4 K. The anomaly at 0.85 K is due to magnetic
transition while the weak anomaly at 0.4 K is possibly due to a ”Lock in” transition.
The strong increase in the specific heat below 100 mK is attributed to the nuclear
contribution. The inset shows C/T vs. T 2 in the range 0.15 K < T < 0.65 K for
which the low-T part dominated by the upturn of the nuclear contribution is omitted.
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The temperature dependence of the magnetic susceptibility of an A-type single
crystal measured in the temperature range 2 K to 300 K at fixed magnetic field is
shown in Fig. 3.3, where the temperature axis is displayed in a log scale. The suscep-
tibility was measured along both crystallographic axis. No difference was observed
between zero field-cooled and field-cooled measurements. Upon cooling from room
temperature, the magnetic susceptibility increases showing a magnetic anisotropy be-
tween a and c axis. A broad anomaly is observed at approximately 100 K being
more prominent along c- axis, which is attributed to the crystal electric field (CEF)
effect. Both, the anisotropy and the broad anomaly can be accounted for by the CEF.
The inset of Fig 3.3 shows that the inverse average magnetic susceptibility, 1/χavgT
roughly follow a Curies-Weiss law in the temperature range 300 K to 200 K. The
average susceptibility χavg = [2χa + χc]/3 allows us to calculate the effective mag-
netic moment µeff and the Weiss constant. The estimated values of µeff and Weiss
constant are 2.54µB and -73 K, respectively. µeff corresponds to the expected Ce
+3
moment while the large Weiss constant reflects the strong hybridization of f-electron
and conduction electron. At low temperatures below 4 K, the susceptibility reaches
an enhanced constant value expected for a paramagnetic Kondo-lattice system.
The specific heat is one of the important quantity which allows to determine
the bulk nature of any phase transition. Fig. 3.4 shows the specific heat of an A-
type CeCu2Si2 single crystal measured in zero-field in the temperature range from
2.5 K to 0.05 K. The specific heat was measured using a quasi-adiabatic heat pulse
method [27]. The total specific heat of CeCu2Si2 contains a phonon part (which is
important only at higher temperature and thus can be completely neglected in the
following analysis), a nuclear part, an electronic and a magnetic part. The nuclear
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Figure 3.5: Temperature and magnetic field dependence of the specific heat of
CeCu2Si2 A-type single crystal. The phase transition into the magnetic A-phase
becomes broader and shifts to lower T for fields applied along the a-direction. The
inset shows the magnified part of the low-temperature specific heat.
41
contribution of the specific heat from the hyperfine field is only important at very low
temperatures (below 100 mK). It is clear from the C/T results that the electronic
specific heat increases rapidly upon decreasing temperature and reaches a value of
0.75 J/mol K2 just before the transition. A broad anomaly with a jump height of
0.3 J/mol K is observed at 0.85 K. The field dependence (see below) proves that this
anomaly is connected with the antiferromagnetic (AFM) A-phase. The nature of this
AFM phase will be described in more details below. The increase of the specific heat
below 100 mK is attributed to the nuclear Zeeman effect on the Cu and Si nuclei due
to an internal field in the antiferromagnetic state. The inset of Fig. 3.4 shows the
C/T versus T 2 plot in the temperature range 0.15 K < T < 0.65 K (for T < 0.15
K the specific heat is deleted due to the upturn of the nuclear contribution). The
coefficient of electronic specific heat γ estimated by extrapolating C/T versus T 2 is
690 mJ/mol.K2. The small anomaly in the specific heat at 0.4 K is possibly due to
a lock-in transition of the antiferromagnetic phase. More details about the lock-in
transition will be discussed later.
Figure 3.5 shows the temperature dependence of the specific heat of the A-type
CeCu2Si2 under magnetic fields between 0 T to 10 T, applied parallel to the a-axis.
Upon applying 2 T, the anomaly at 0.85 K shifts only very slightly to 0.8 K, and
therefore rules out the possibility of a superconducting phase transition because in 2
T field superconductivity should be completely suppressed [28]. With increasing field
up to 8 T the peak gets broaden and its position shifts to lower temperature. Above
8 T, there is no shift anymore, which is likely due to a transition from the A-Phase
to the so called B phase. The nature of this high field B-phase is yet unknown, but
it is likely to also be a magnetic state.
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Figure 3.6: The electrical resistivity below 300 K shows a clear anisotropic behavior.
ρ(T ) measured with the current J parallel to the crystallographic c-direction is lower
than for the in-plane measurement (j // a). The two maxima in ρ(T ) are denoted
as T∗ and TCEF . (a) Plot of the absolute resistivity versus temperature and (b)
normalized to its value at 300 K (different symbols represent different crystals from
same batch).
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The electrical resistivity between 1 K and 300 K is shown in Fig. 3.6 for two
different A-type single crystals where the temperature is plotted on a logarithmic
scale. The resistivity was measured with the current along a- and c- axes on two
different A-type single crystals. Due to the uncertainty in the absolute values of the
resistivity for different single crystals, we also plot the electrical resistivity normalized
to its room temperature. The uncertainty in absolute values is possibly due to probe
contacts, micro cracks and grain boundary contributions etc. The resistivity for J//a
is larger than for J//c, in accordance with earlier reports [29]. The resistivity shows
two broad maxima, a first one at 100 K (TCEF ) and a second one at 10 - 15 K. The
resistivity maximum at 100 K is associated with the Kondo scattering of excited CEF
levels. The broad peak with maximum at T∗ = 20 K is connected with the scattering
by the ground-state CEF level. The drop in ρ at lower T is due to the formation of the
coherent Kondo lattice. The Kondo temperature TK can be estimated by TK ≃ T ∗/2.
The low-temperature resistivity maxima at T ∗, for current J parallel to the a-axis is
sharp compared to the one for J parallel to c-axis. The difference can be attributed
to the wave function of the ground-state and excited CEF levels [30]. The resistivity
ratio at 2K ρ(300K)/ρ(2K) ≃ 1.26 for J//a and ≃ 2.03 for J//c, shall be discussed
later.
In Fig. 3.7 the low-temperature electrical resistivity measured for current J par-
allel to a- and c-axis is plotted in the temperature range 4 K to 0.4 K. The solid
line shows fit to a power-law ρ = ρ0 + AT
n. The resistivity measured with current
J parallel to a can be well fitted with ρ0 = 5 µΩcm, A = 35 µΩ/K
n and n = 0.85
in the temperature range 1 K to 4 K. It should be noted here that below 0.85 K,
A-type single crystals exhibit magnetic ordering. The resistivity J//a shows a kink
44
0 1 2 3 4
0
40
80
120
0
30
60
90
 c
m
)
 
  c
m
)
J//c
 +17.5 *T0.83
 
J//a
 +35  T0.85
T(K)
T
N
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Figure 3.8: Neutron diffraction intensity map for the reciprocal (h h l) plane both
above and below Néel temperature. A clear magnetic satellite peak is visible at the
position (0.215 0.215 1.47) at 50 mK.
at the Néel temperature TN = 0.85 K which is marked by an arrow (see also Fig. 3.5).
This small increase marks the formation of a spin-density wave (SDW). Similarly the
resistivity J//c can be best fit with a residual resistivity value of ≃ 8µΩcm, which
was again calculated using extrapolating the resistivity plot from 3 K to 1 K. In the
temperature range 1 K to 4 K resistivity obeys a power-law dependence, δρ(T ) ≃ AT n
with n = 0.83. The deviation from quadratic temperature dependence of the electri-
cal resistivity above antiferromagnetic state is a classical feature of non-Fermi liquid
behavior. The coefficient A (which is the measure of quasiparticle - quasiparticle
scattering cross-section in the Landau Fermi liquid state where n = 2) has a larger
value for J//a than J//c.
Nearly a decade after the discovery of superconductivity in CeCu2Si2, Cu NMR
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[2] and µSR [3] measurements revealed the A phase and lead to the prediction that
this A phase is a SDW-like ordering. Recent electrical resistivity measurement [31]
showed a small increase in resistivity for J//a but a drop in the resistivity for J//c.
The increase for J//a suggested the formation of a gap in the A phase, supporting a
SDW origin for the A-phase.
In order to prove the real nature of the A-phase we performed neutron diffraction
experiments. The details about these experiments are given elsewhere [32]. Due to the
lack of large single crystals with precise ground-state properties, neutron experiments
failed to observe magnetic Bragg reflection thus far. Only recently, we successfully
found the magnetic Bragg peak in A-type single crystals since large crystals with
different ground states became available. The single crystal with dimensions 3 x 4 x
4 mm3 and mass of about 450 mg, oriented using Laue-backscattering were used for
the neutron diffraction experiment. Based on the knowledge from previous neutron
diffraction experiments on Ge-doped samples [33], the neutron diffraction intensity
maps of the reciprocal (hhl) plane around q = (0.21, 0.21, 1.45) (it is basically a
satellite peak of the (002) nuclear peak) were measured at 50 mK and 1 K, well
below and above the transition. Fig. 3.8 shows the intensity maps at these two
temperatures. The 1 K map which is above the magnetic transition show nothing
but the q-independent background due to incoherent scattering of the sample. By
contrast, a well resolved magnetic peak is visible at the position (0.21, 0.21, 1.46)
for T = 50 mK. To look in more details at the width of the magnetic Bragg peak
we also performed rocking scans, i.e integration of the data over the scattering angle
2θ and then plotted as a function of sample rotation ω as shown in Fig. 3.9. These
results evidenced that the magnetic Bragg peaks are resolution limited, i.e that the
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Figure 3.9: Rocking scan across the position of the magnetic satellite peak (0.21, 0.21,
1.46), both below and above the magnetic transition.
ordered state corresponds to a long range ordered state. At 50 mK, the position of the
magnetic Bragg peaks with respect to nuclear peaks is found to be at δQ = ±(0.215,
0.215, 0.530). In order to confirm these results we measured different single crystals
in different diffractometer. We always observed magnetic peaks at the same position
q = (0.21, 0.21, 1.46) and related ones at 500 mK, while no peaks were observed at 1
K. More detailed investigations of the magnetic A-phase was done using large single
crystals at IN12 (ILL, Grenoble). In order to study the temperature dependence
of the magnetic phase, we measured the temperature dependence of the intensity
of magnetic Bragg peaks and of its position. The temperature dependence of this
intensity and of the components h and l of the propagation vector are shown in Fig.
10.
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Figure 3.11: Temperature dependence of the magnetic susceptibility of an AS-type
CeCu2Si2 single crystal in an applied field of 5 T, measured along the two crystallo-
graphic axis. Inset shows the field dependence of the magnetic susceptibility measured
with B//a = 0.05 T and 5 T.
3.2.2 AS-type CeCu2Si2
In order to investigate the interconnection between the magnetic and the supercon-
ducting phase, we grew single crystals of AS-type, for which the magnetic phase
transition occurs at a higher temperature than the superconducting one (TN > Tc).
Starting with the Ce0.95Cu2Si2 composition in Cu flux, we successfully prepared large
AS-type single crystals. In this section we describe the physical properties of these
AS -type single crystals and their macroscopic and microscopic nature.
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The temperature dependence of the magnetic susceptibility of an AS-type single
crystal measured in the temperature range 2 K to 300 K is shown in Fig. 3.11, where
the temperature axis is plotted in log scale. The susceptibility was measured along
both crystallograhic axis in an applied magnetic field of 5 T. The susceptibility of
the AS single crystals is almost identical to those of the A-type described previously.
The only difference is a slight reduction (by 10%) of the absolute value at 2K, in
agrement with a slightly weaker magnetic character. The inset shows the magnetic
field dependence of the susceptibility measured for two fields, 0.05 T and 5 T along
the a axis. The high-temperature susceptibility is independent of field while at low
temperature below 4 K it weakly decreases with increasing magnetic field. At high
magnetic fields the susceptibility saturates suggesting that the system goes from non-
Fermi liquid behavior to Fermi liquid behavior.
In order to determine the real ground state we studied the specific heat, the ac-
susceptibility and the resistivity below 2 K. Fig. 3.12 shows the electronic specific
heat (Cp/T) versus temperature in the temperature range 0.4 K to 2 K. Below 2 K
the electronic specific heat increases with decreasing temperature and it shows two
well separated transitions at 0.75 K and 0.55 K. The transition at 0.75 K has a small
jump height and its field dependence (see below) proves that it is due to a magnetic
transition. The sharper transition at 0.55 K is attributed to the superconducting
phase transition, as evidence by ac-susceptibility (right-scale) and resistivity (inset)
measurements, which show a pronounced diamagnetic signal and a zero resistivity,
respectively. The electronic specific heat coefficient at 0.8 K amounts to C/T = 0.75
J/mol K2. Thus all these measurements shows the existence of both the magnetic
(A-phase) and the superconducting phase (S-phase) in the AS-type single crystal.
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Figure 3.12: Temperature dependence of the specific heat of an A/S type single crys-
tal. It clearly shows two anomalies, a broader one at 0.75 K due to magnetic ordering
and a sharp one at 0.5 K due to superconductivity confirmed by ac-susceptibility and
electrical resistivity (inset).
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Figure 3.13: Magnetic field dependence of the specific heat of an AS-type CeCu2Si2
single crystal. The magnetic ordering anomaly at 0.75 K shifts smoothly to lower
temperatures with increasing field and vanishes in a field of 6 T, while the anomaly
due to superconductivity disappears already in an applied field of 1 T.
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Figure 3.14: The high-temperature electrical resistivity of an AS-type CeCu2Si2 single
crystal shows the same behavior as that of the A-type. Different symbols represent
different crystals from the same batch.
The magnetic field dependence of the specific heat of an AS-type CeCu2Si2 single
crystal is shown in Fig. 3.13. C/T is plotted as a function of log T for different field
applied along the c axis. With increasing field, the AF transition smoothly shifts to
lower temperatures and completely disappears at about 6 T (not shown). On further
increasing the magnetic field to 8 T a new phase appears which is likely the B-phase.
The electrical resistivity of AS-type CeCu2Si2 was measured on different single
crystals from the same batch. Fig. 3.14 shows the high temperature (in the temper-
ature range 2 K to 300 K) electrical resistivity measured with current J both parallel
to the a and c axis. On the left side the absolute values are shown while on the right
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side the data were normalized to the room-temperature values. The temperature
dependencies are similar to those of the A-type CeCu2Si2, with two broad anomalies
at TCEF ≃ 100 K and at T ∗ ≃ 20 K, respectively. As for the A-type single crystal,
discrepancies of a factor of 2 are observed, while the normalized results are almost
identical for different samples of the same batch. The AS-type CeCu2Si2 single crys-
tal was annealed at 900 ◦C for 6 days in order to check the influence on defects by
monitoring the resistivity, but no change where observed in the residual resistivity.
This shall be discussed in more details later.
In order to study the power law behavior in the resistivity below 4 K, we inves-
tigated the low temperature electrical resistivity for both crystallographic directions
in the temperature range 0.4 K to 4 K and in zero applied magnetic field (Fig. 3.15).
To avoid the anomalies at the transitions we fit the resistivity from 0.9 K to 4 K. The
solid lines in Fig. 3.15 shows the fit according to ρ = ρ0 + AT
n with ρ0 = 4 µΩcm,
A = 26 µΩ/Kn and n = 1.07 for J along a axis and ρ0 = 7.4µΩcm, A = 19.4 µΩ/K
n
and n = 0.822 for J along the c axis. These power law fits well describe the electrical
resistivity from 1 K to 4 K for J//c, while for J//a deviations occur above 3.5 K.
The values of the residual resistivities and A coefficients will be discussed later.
In order to study the interplay between superconductivity and antiferromagnetic
phase, we performed the neutron scattering experiment both as a function of tem-
perature and magnetic field. The propagation vector of the magnetic phase QAF =
(0.215, 0.215, 0.530) in the AS single crystal was determined to be the same as in the
A-type single crystal. From the specific heat measurement it becomes obvious that
the AS-type CeCu2Si2 singe crystal has a magnetic phase transition at 0.75 K and
a superconducting phase transition at 0.55 K. The neutron diffraction experiments
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Figure 3.15: Low-temperature electrical resistivity of AS-type single crystal measured
below 4 K both for J//a and J//c as a function of temperature. Solid lines show the
fits to ρ = ρ0+ AT
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Figure 3.16: Temperature dependence of the integrated magnetic intensity (upper
panel) observed at the propagation vector q = (0.21, 0.21, 0.55) for an AS-type
CeCu2Si2 single crystal in applied fields of 0 T and 2 T, and ac-susceptibility simul-
taneously measured (lower part).
57
were performed below temperatures T = 1 K and in magnetic fields up to B = 2 T
at the E4 and E6 diffractometer at the Hahn-Meitner institute, Berlin. In order to
control the presence of the superconducting phase we measured the ac susceptibility
in-situ, i.e. while doing the neutron diffraction experiment. The summary of the
results is shown in Fig. 3.16, where the integrated magnetic peak intensity is plotted
as a function of temperature. In zero applied magnetic field the magnetic Bragg peak
appears below the Néel temperature, which increases with decreasing T down to 500
mK. However, with further cooling the intensity of magnetic Bragg peak decreases
again and disappears at T = 400 mK, well inside the superconducting phase. The
in-situ ac susceptibility clearly shows the sharp drop due to superconducting dia-
magnetism and confirms the superconducting phase transition with a midpoint at
around 550 mK. Upon applying an upper critical field of 2 T the magnetic Bragg
peak reappears. These two measurements confirm the competition of the magnetic
and the superconducting phase. However, in an applied filed of 1 T and at 50 mK
both the superconducting phase and magnetic Bragg peaks can be observed in ac
susceptibility and neutron data, respectively. This indicates some coexistence, likely
in different parts of the sample, due to phase separation as expected for a first order
transition.
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Figure 3.17: Temperature dependence of the magnetic susceptibility of a SA-type
CeCu2Si2 single crystal in an field of 5 T, applied along both crystallographic axis.
3.2.3 SA-type CeCu2Si2
The SA-type CeCu2Si2 single crystals were prepared with the initial stoichiometry
Ce1.00Cu2Si2 and Cu flux. These single crystals show superconductivity below 0.7 K
in zero applied magnetic field. Detailed results presented below show that in these
SA single crystals superconducting transition temperature and magnetic transition
temperature are degenerated, i.e. TN ≃ Tc ≃ 0.7 K.
The dc magnetic susceptibility of AS-type CeCu2Si2 single crystal in the tem-
perature interval from 2 K to 300 K measured in field of 5 T applied along both
crystallographic axis is shown in Fig. 17. The results are again very similar to those
observed for the A and the AS single crystals, the absolute values being close to
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Figure 3.18: Temperature dependence of the specific heat of single crystalline SA-
type CeCu2Si2 for different fields. The anomaly at 0.65 K for B = 0 is due to
superconductivity. In field, the transition marks the onset of magnetic order. The
inset shows the electrical resistivity confirming that the 0.65 K anomaly is due to
superconductivity
those found for the latter one. The high-temperature electrical resistivity of SA-type
CeCu2Si2 single crystals shows the same behavior as those of the A and AS single
crystal (Fig. 3.19).
In order to study the nature of the ground state, we measured the specific heat
in zero and finite magnetic fields, applied along an arbitrary direction because of
the shape of the single crystal. The low-temperature specific heat in zero, 2 T and
2.5 T is shown in Fig. 3.18 as C/T versus T . The small and broad hump at 1
K which is field independent is of extrinsic origin due to the sample holder. With
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Figure 3.19: The high-temperature electrical resistivity of SA-type CeCu2Si2 single
crystals shows the same behavior as of the A and AS single crystals.
decreasing temperature the electronic specific heat increases and reaches a value of
750 mJ/mol K2 at 0.70 K. In zero magnetic field, the large anomaly at 0.6 K with a
jump height of ∆C ≃ 800 mJ/mol K indicates the onset of superconductivity. The
superconducting phase is confirmed the a low-temperature resistivity measurement
which is shown in the inset of Fig. 3.18. The resistivity shows a sharp drop at 0.65 K
reveals the superconducting phase transition. The second important finding in our
specific heat data is the clear and broad anomaly observed in an applied field of 2 T,
which can be attributed to the magnetic transition. With further increasing magnetic
field the transition temperature shifts to slightly lower temperatures as expected for
the magnetic A-phase.
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Figure 3.20: Temperature dependence of the integrated magnetic intensity (a.u) at
the propagation vector q = (0.21 0.21 0.55) for a SA-type CeCu2Si2 single crystal in
different applied field magnetic field. Lower part shows the ac-susceptibility measured
simultaneously.
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To study the relation between the magnetic and the superconducting phase we
performed corresponding neutron scattering experiment as for the AS-type single
crystal. The neutron scattering experiment was undertaken on the triple-axis spec-
trometer IN12 at the ILL in Grenoble. The bulk ac-susceptibility measurements were
performed simultaneously to the neutron experiments, allowing to check the presence
of the superconducting phase. More details on the experimental setup are given else-
where [33]. The temperature dependence of the integrated magnetic intensity at the
propagation vector q = (0.21 0.21 0.55) for the SA-type CeCu2Si2 single crystal in
different applied magnetic fields (B//[110]) is shown in Fig. 3.20, while the lower
panel shows the ac susceptibility results. The integrated intensities were obtained by
fitting a Gaussian function to the magnetic satellite reflections measured in rocking
scans across the magnetic peaks. The antiferromagnetic satellite peaks were observed
at the same position (0.215, 0.215, 1.475) as for the A- and AS- type single crystals.
In zero magnetic field the magnetic peak intensity increases below 0.7 K, and satu-
rates below 0.4 K. With increasing magnetic field the peak intensity increases further
below 0.4 K down to low temperatures. Unlike for the AS-type single crystal, we
observed no sharp drop in ac-susceptibility in SA-type as expected for a sharp super-
conducting phase transition. By contrast, the diamagnetic signal increases linearly
with decreasing temperature below 0.6 K, which is possibly due to inhomogeneities
of the sample (or very strong pinning?). The linear temperature dependence of the
diamagnetic signal suggests the superconducting phase volume fraction to increase
with decreasing temperature.
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Figure 3.21: Temperature dependence of magnetic susceptibility of S-type CeCu2Si2
single crystal in field of 5 T applied along the two crystallographic axis a and c.
3.2.4 S-type CeCu2Si2
It was known since long time that with excess of Cu one obtains purely supercon-
ducting CeCu2Si2 phase (S-type). By taking also an excess of Ce, i.e., Ce1.05Cu2Si2
and Cu flux we managed to synthesize this type of single crystals. This type exhibits
a superconducting phase with a large jump height of nearly 1000 mJ/mol.K2 in the
specific heat at the transition. In this section we show the results from magnetic
susceptibility, specific heat, electrical resistivity and neutron measurements obtained
on these S type single crystals.
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Figure 3.22: Temperature dependence of C/T of a S - type CeCu2Si2 single crystal at
different magnetic field. One observe a huge anomaly at the superconducting phase
transition at 0.6 K with a large jump height of nearly 1000 mJ/mol K which shifts
only slightly to lower T at 0.5 T, but disappears in an field of 2T which is just above
the critical field. Inset shows the electrical resistivity below 3 K.
The magnetic susceptibility along crystallographic axis c and a is shown in Fig.
3.21 for applied magnetic field of 5 T. Again the data are very similar to the those
observed for A-, AS- and SA-type single crystals. The only significant difference
is a more pronounced saturation behavior at low temperature, leading to smaller
absolute values at 2 K for both directions compared to all other types of CeCu2Si2
single crystals. This is in accordance with an even weaker magnetic character.
The electronic specific heat of the S-type CeCu2Si2 single crystal is shown in Fig.
3.22, measured in zero and in fields of 0.5 T and 2 T, applied in an unspecific direction.
C/T increases with decreasing temperature and reaches a value of ≃ 770 mJ/mol K2
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at the onset of superconductivity. The phase transition appears sharp with a large
jump height of ∆C/Tc ≃ 1000 mJ/mol K2 which is a hallmark of heavy fermion
superconductivity. The superconducting phase transition is confirmed by a resistivity
measurement. The results, shown in the inset of Fig. 3.22, evidence a clear and sharp
drop of the resistivity to zero at the superconducting phase transition. Upon applying
a field of 0.5 T, Tc slightly shifts to lower temperatures while the anomaly vanishes
in an applied field of 2 T. Unlike in the other three types no anomaly is found in
C/T for 2T field indicating the absence of a magnetic phase. The ratio ∆C/(γnTc)
= 1.3 is close to the value 1.43 expected for a BCS superconductor. From the low-
temperature specific heat data it is clear that in this type of single crystals only the
superconducting phase but no long range magnetic ordered phase exist.
The electrical resistivity measured on different single crystals from the same batch
in the temperature range 2 K to 300 K with current J parallel to a or c axis is shown
in Fig. 3.23. Again, the results are very similar to those obtained for the A, AS and
SA single crystals.
To check the power law in the low temperature electrical resistivity, we measured
the resistivity below 4 K for J//a and J//c. Fig. 3.24 shows the resistivity in the
temperature range 0.9 K to 4 K with the power law fit. The resistivity with current
along the c axis can be best fitted to the power law ρ = ρ0 + AT
n with ρ0 = 9.1
µΩcm, A = 23.2 µΩ/Kn and n = 0.925. On the other hand, for current along the a
axis the best fit is obtained with ρ0 = 7 µΩcm, A = 23µΩ/K
n and n = 1.07.
In order to study the existence of a magnetic phase in S-type CeCu2Si2 singe
crystal we performed neutron scattering experiments on the triple-axis spectrometry
PANDA at the Munich research reactor FRM-II in Garching. For the experiment we
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Figure 3.23: The high-temperature absolute (left panel) and normalized (right panel)
electrical resistivity of S-type CeCu2Si2 single crystals shows the same behavior as
those of the A, AS and SA single crystals.
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Figure 3.24: Low-temperature electrical resistivity of S-type single crystal measured
below 4 K, measured both along J//a and J//c as a function of temperature. Solid
line shows the ρ = ρ0 + AT
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Figure 3.25: Rocking scan across the position of a magnetic satellite peak (0.215,
0.215, 1.47), both below and above superconductivity transition in S-type CeCu2Si2
single crystal.
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used a single crystal of approx. 2 g mass which shows only a superconducting phase
transition and no magnetic phase transition according to specific heat measurements
on different samples from the same batch. All these measurements evidenced the
same physical properties. Rocking scans at the position Q =(0.226, 0.226, 1.47) were
done at two different temperatures 50 mK and 800 mK which is above and below
the superconducting transition (cf. Fig. 3.25, res - width of 1 deg). Surprisingly,
magnetic short range correlations were observed at the same position where antifer-
romagnetic superstructure peaks were found in A type or A/S type crystals. At 800
mK we only see the background signal which arises mainly from incoherent nuclear
scattering, whereas at 50 mK additional intensity of magnetic origin is clearly ob-
served. The peak is broad and can be best fitted by a Gaussian line shape. The
width of magnetic peak is approximately 2θ,which is quite large and corresponds to
a correlation length of 50 Å to 60 Å. Interestingly, this is of the same order of magni-
tude as the supercounducting coherence length. The intensity of this magnetic Bragg
peak in S-type singe crystal is 10 times smaller than the intensity observed in A-type
singe crystals. These neutron results shall be discussed in more detail later.
In order to study the temperature dependence of the magnetic correlations we
investigated the neutron intensity as a function of temperature. The upper part of
Fig. 3.26 shows the integrated intensity (a.u) versus temperature plot, and the lower
part shows the ac-susceptibility measured simultaneously to the neutron scattering
experiment. At 0.8 K, the magnetic correlations starts to appear and increase fur-
ther with decreasing temperature, even after entering the superconducting phase.
Consequently, it is clear that short-range magnetic correlations coexist with the su-
perconducting phase, in contrast to the disappearance of long-range magnetic order
70
0 0.2 0.4 0.6 0.8
T (K)
-6
-4
-2
0
χ a
c 
(a
rb
. u
ni
ts
)
B = 0
0
50
100
150
In
t. 
In
te
ns
ity
 (
ar
b.
un
its
) CeCu2Si2
S-crystal
Figure 3.26: Temperature dependence of the integrated magnetic intensity (a.u) at
the propagation vector q = (0.21 0.21 0.55) in a S-type CeCu2Si2 singe crystal in zero
field (upper panel), and ac-susceptibility measured simultaneously (lower panel).
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in the superconducting phase in AS-type crystals. The simultaneous measurement
of ac-susceptibility confirms the superconducting phase transition at 650 mK with a
sharp diamagnetic step.
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3.3 Discussion
From all the results of the magnetic, thermodynamic, and transport measurements
as well as neutron diffraction experiments it is concluded that four different types of
ground states in CeCu2Si2 single crystals which are called A-type, AS-type, SA-type
and A-type. The microscopic investigations by neutron diffraction prove that the A
phase is nothing else than an incommensurate long-range antiferromagnetic order with
the propagation vector AAF = (0.215, 0.215, 0.530). In AS-type CeCu2Si2 this long-
range incommensurate antiferromagnetic order competes with the superconducting
phase, being ultimately destroyed by the SC phase. For S-type crystals we showed
that short-range magnetic correlations coexist with the superconducting phase.
As explained earlier, it is possible to get all the different types of single crystals
in the small homogeneity region (< 1 at %) of CeCu2Si2 by tuning the Cu:Si ratio.
Due to this small homogeneity range it is difficult to determine the difference in the
chemical composition between different ground states and no clear difference in lattice
parameters has been resolved. The summary of lattice parameters and chemical
compositions is given in Table 3.1. It is very clear from Table.3.1 that chemical
detection method like Energy Dispersive X-ray Analysis (EDAX) fail to find any
composition difference between these different ground states. The systematic study
by Geibel et al. [26, 24] resulted in the partial ternary phase diagram of Ce-Cu-Si in
which different parts of the homogeneity regions show the different types of ground
states. Excess of Cu or Si leads to different ground states and also adds disorder
to the system. Basically Cu occupies the Si site or Si goes to the Cu position.
Excess of Cu to the system leads to an increase of the hybridization strength between
conduction and f- electron, since the 3d electrons of Cu (although slightly below the
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Fermi-level) lead to a stronger hybridization than p or s electrons. Since EDAX and
XRD fail to resolve chemical difference between different ground states, we looked at
the residual resistivity ratio (RRR) in more detail. The RRR should be sensitive to
the disorder induced by slight deviations from the stoichiometry. Thus, one expects
a clear differences in RRR for different ground state properties. Due to magnetic and
superconducting phase transitions it is difficult to determine the absolute value to
the residual resistivity value. Therefore we took the resistivity ratio at 2 K and just
above the transitions.
Table 3.1: Lattice parameters and chemical compositions of different types of
CeCu2Si2 single crystals
Type a (Å) c (Å) volume V (Å3) Composition Ce:Cu:Si
A type 4.100 9.931 166.96 19.99:39.42:40.15
AS type 4.099 9.922 166.71 19.76:39.58:40.8
SA type 4.101 9.924 166.95 19.81:39.28:40.89
S type 4.101 9.919 166.84 19.80:39.26:40.77
Fig. 3.27 shows the dependence of these resistivity ratios for both current direc-
tions on the starting Ce concentration as well as the relation to the different ground
state properties. The open circles and squares mark ρ2K/ ρ300K while the closed circles
and squares indicate ρLT/ ρ300K (LT - Low temperature, just above the transitions).
A Ce concentration of 0.9 in the starting melt shall lead to an excess of Si in the
resulting single crystal, while a Ce concentration of 1.05 shall lead to a sample with
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Figure 3.27: Evolution of the resistivity ratio with composition. The plots show the
inverse residual resistivity ratio at 2 K (open symbols) and at low temperature 0.8 K
(closed symbols). Squares and circles are for J//a and J//c, respectively.
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Cu excess. In both cases one would therefore expect a large residual resistivity, i.e. a
large ρLT/ ρ300K ratio. This is exactly the results we observe in Fig. 3.27.
Table 3.2: Residual resistivity ratio measured for J//a and J//c on different types
of CeCu2Si2 single crystals.
Type ρ300K/ρ2K(J//a) ρ300K/ρ2K(J//c) ρ300K/ρLT(J//a) ρ300K/ρLT(J//c)
A-type 1.25 2 2.2 4.2
S-type 1.56 2.33 3.51 6
SA-type 1.53 3.86 − −
AS-type 2.13 4.23 6 11.2
In Table 3.2 the results are arranged according to increasing RRR. Both, Table
3.2 and Fig. 3.27 clearly show that the resistivity ratio is always larger for J//c than
for J//a. The AS-type CeCu2Si2 shows the largest RRR. Thus, this single crystal
with AS behavior is likely closest to the true stoichiometric composition. Besides
the single crystals presented in details in the previous paragraphs, we grew further
ones at intermediate starting concentration, i.e Ce0.925, Ce0.975 and Ce1.00, in order
to look in more details at the evolution of the properties. Both, the evolution of
the resistivity values and the evolution of the magnetic and superconducting phases
follow the scheme established with the results of the previous paragraphs. Increasing
the starting Ce content leads to a continuous increase of the Cu-content in the single
crystals. This results in a continuous weakening of the magnetic A phase and a
continuous strengthening of the superconducting phase. From these results it is clear
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that one can control the ground state of CeCu2Si2 single crystals by tuning the Ce
content in a flux crystal growth method. This is in agreement with polycrystal results
where tuning the ground state was done by varying Cu and Si contents.
Non-Fermi-liquid (NFL) behavior demonstrates itself in the power-law behavior of
physical properties, with exponents different from those of a Fermi liquid. As already
mentioned, in order to study the power law in resistivity, we fit the resistivity data
in the temperature range 0.9 K to 4 K for A-type, AS-type and S-type crystals. The
presence of the magnetic and/or superconducting transitions prevents using the data
below 0.9 K, which results in some uncertainty in ρ0, A and the exponent. However,
for a comparative analysis of the different types of single crystals this effect is not
important. More critical is the large difference in the absolute values of ρ(T ), which
results in a large scattering in the absolute ρ0 and A values. In order to be able to
compare the data we normalized the real A coefficient using an absolute value for
the room temperature resistivity of 100µΩcm, i.e., A∗ = 100 µΩcm ∗ A/ρ300K where
ρ300K is the measured ρ at 300 K of that single crystal.
Table 3.3. shows all the parameters of the power law fit for different ground states.
The room temperature resistivity ρ300K for both current along J//a and J//c are all
in the range 100 to 200 µΩcm. The A coefficient, which corresponds to the increment
in ρ(T ) at T = 1 K for all n, is clearly anisotropic between the a and c axis, being
larger along a than along c. This is even more evident for the normalized A∗ values.
The last column shows the normalized A coefficient multiplied with the exponent n.
This product corresponds to the normalized slope δρ/δT at T =1 K. Remarkably, all
different types of crystals present the same value ≃ 12 µΩcm/Kn(±1) for this slope
for J//c, and a much larger value ≃ 24 µΩcm/Kn(±3) for J//a. The exponent n
77
is always close to one and does not show any large change. One can notice that it
is always larger along a than along c. NFL theories predict a lowest limit of 1 for
the exponent in the T dependence of the resistivity at low T . Thus, n values below
one seem to be quite surprising. However, the contradiction is that we consider here
the T range above TN, not the limit T ⇒ 0. For the power law above TN, using a
very primitive approach, one expects the exponent decrease from n = 2 (Fermi liquid
behavior in a paramagnetic Kondo lattice) to n = 0 (T -independent spin scattering in
the paramagnetic state of 4f intermetallic compound with well localized 4f moment)
[38], when the hybridization strength decreases from a large value to a small one.
The general trend of a slightly decreasing n from S-type to A-type CeCu2Si2 single
crystals is thus in good agreement with an increasing magnetic character.
Table 3.3: Residual resistivity, A coefficient, A∗ normalized to a room temperature
resistivity ρ300 = 100 µΩcm and exponent n.
Type ρ300K(µΩcm) ρ0(µΩcm) A(µΩ/K)
n A∗(µΩ/K)n n A∗×n (µΩ/K)n
A-type -J//a 108 5 35 32 0.87 27.8
-J//c 123 8 17.5 14 0.83 11.6
AS-type -J//a 127 4 26 20 1.07 21.4
-J//c 125 7.4 19.4 15 0.822 12.3
S-type -J//a 120 7 23 19 1.07 20.3
-J//c 190 19 23.2 12 0.925 11.1
Fig. 3.28 shows the temperature dependence of the C/T of single crystalline
CeCu2Si2 for all the four types, namely A-type, AS-type, SA-type and S-type. The
specific heat (closed circle) of A-type shows a magnetic transition at 850 mK, which
is marked by an arrow with TN. The specific heat of the AS-type presents two well
separated anomalies, one at 750 mK due to the magnetic transition (TN) and another
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Figure 3.28: Comparison of the temperature dependence of the specific heat of A-
type, AS-type, SA-type and S-type CeCu2Si2 single crystals. Arrows show anomalies
corresponding to magnetic ordering (TN) and superconducting ordering (Tc). The
inset shows the calculated entropy of all four crystal types up to 1.5 K.
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one at 550 mK due to superconducting transition (Tc). SA- and S-type crystals
show only one anomaly at the same temperature. The only difference is that the
jump height for the S-type is larger compared to the one of the SA-type. More
interestingly, C/T decreases just before the transition from the magnetic (A-type)
to the superconducting (S-type) phase. These results were confirmed by pressure
experiments. E. Lengyel et al. [34] measured the electronic specific heat of an AS-
type single crystal under isostatic pressure up to 2.03 GPa. They observed a decrease
in C/T at 0.7 K (above the magnetic or the SC transition) by 50 % upon increasing
the pressure to 2.03 GPa. The magnetic phase disappeares at a small pressure ≃ 0.1
GPa, while Tc initially increases before reaching a maximum with further increasing
the pressure, then slightly decreases up to pressure ≃ 2 GPa, but increases again
above 2 GPa. The decrease in electronic specific coefficient from A-type to S type
can be related to the increase of the Kondo energy scale upon strengthening the
4f-conduction electron hybridization by applying pressure or substituting Cu for Si.
The inset of Fig. 3.26 shows a plot of the entropy S(T ) versus temperature. S(T )
was calculated for all four types of CeCu2Si2 up to temperature 1.5 K. The entropy
between T = 0 K and the low-T limit of the C(T ) measurement were estimated by
extrapolating the measured C(T ) down to T = 0 by using a power law. All entropy
plots cross at ≃ 0.8 K, which basically reflects the conservation of entropy above the
transitions. Since quite a large part of this entropy is involved in either the magnetic
or the SC transition, it indicates that the 4f - electrons are involved in both. It is
very clear that above 0.9 K, a higher entropy is accumulated for the A-type crystal
as expected since it has a smaller Kondo energy scale compared to the S-type.
The ratio ∆C/(γn.Tc) (Table 3.4), which gives hints for superconducting coupling
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strength, was calculated for S-type and SA-type samples. Furthermore, we also cal-
culated the ratio ∆CTN/γn (TN). As a consequence of the large increase of ∆CTc/
(Tc) from 0.4 J/mol.K
2 in AS-type to 0.7 J/mol K2 in SA and 1 J/mol.K2 in S-type
single crystals as well as a small decrease of γn, the ratio ∆CTc/(γn Tc) increases even
more from AS to S type, i.e., from 0.5 to 1.4. We suspect that this increase is likely
not due to an increase of coupling strength, but to an increase of the part of the
Fermi surface involved in the formation of the SC state. The ratios for the magnetic
transition at TN are much smaller, which is common for SDW ordering since only
part of the Fermi surface is involved in the formation of the SDW state. The ratio at
TN decreases from the A to the SA type, also likely reflecting a reduction in the part
of the involved Fermi surface rather than a decrease of the coupling strength.
Table 3.4: ∆C/(γnTc) and ∆C/(γnTN) for different type of CeCu2Si2
Type ∆C/(γnTN) ∆C/(γnTc)
A-type of CeCu2Si2 0.7 -
AS-type of CeCu2Si2 0.58 0.5
SA-type of CeCu2Si2 0.79(2T) 0.81
S-type of CeCu2Si2 - 1.4
Before describing the nature of the magnetic phase in CeCu2Si2, we would like to
comment on the low-temperature resistivity measurements on A-type single crystals.
In order to check for superconductivity in the A-type we performed low-temperature
resistivity and specific heat measurements. Fig. 3.29 shows the low-temperature spe-
cific heat down to 50 mK while the inset shows the resistivity measured down to 50
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Figure 3.29: Low-temperature specific heat down to 50 mK of the A-type
CeCu2Si2.Inset shows the resistivity measured down to 50 mK on the same sample.
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mK in different magnetic field. The broad anomaly at 850 mK in the specific heat
corresponds to the magnetic transition while no clear anomaly is found down to 100
mK. The upturn below 100 mK is attributed to nuclear contributions, thus there is no
clear sign for bulk superconductivity in this sample. But low-temperature resistivity
data show a broad drop at 400 mK, where ρ(T ) linearly decreases with decreasing
temperature. This suggests that only a minor part of the sample undergoes a super-
conducting transition but the bulk of the crystal remains in the magnetic phase. In
an applied magnetic field of 1 T, Tc shifts to lower temperature and the supercon-
ducting transition vanishes in a magnetic field of 2 T. After this note on disorder or
inhomogeneity effects and on the bulk nature of the magnetic and superconducting
phases we now describe the nature of the A phase.
Nearly 10 years after the discovery of superconductivity in CeCu2Si2, muon-spin-
rotation (µSR) [3] and nuclear magnetic resonance (NMR) [2] measurements found a
further ordered phase of magnetic in nature, with slowly fluctuating moments of the
order of 0.1 µB. Furthermore this magnetic phase was suggested to be a ”spin density
wave”. But despite many attempts, no magnetic Bragg peaks could be observed in
neutron scattering experiments. Recently resistivity measurements [31] also give some
evidence for a spin density wave, because of an upturn in resistivity at the transition
indicating the opening of a gap in the Fermi surface. As explained in the paragraph
on neutron experiments, now we succeed to find the magnetic Bragg peaks thanks to
the availability of large single crystals. We determined the propagation vector (0.215
0.215 0.530), which corresponds to an incommensurate antiferromagnetic phase. The
experimental data could be well accounted for by assuming a sinusoidal modulation
of the ordered magnetic moments lying in the basal plane, with an estimated ordered
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Figure 3.30: (a) Calculated static susceptibility in the (hhl) plane using a renormalized
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moment of the order ≃ 0.1 µB.
Zwicknagl et al. calculated the band structure of CeCu2Si2 using the renormalized
band method [35, 36]. In this method the width of the quasiparticale band is adjusted
to the experimentally observed specific heat coefficient C/T ≃ 700 mJ/mol K2. In
CeCu2Si2 they find two sheets for the Fermi surface one with heavy and one with
light quasipartiticles. It is the instability in the heavy Fermi surface which leads to
antiferromagnetic order. Fig. 3.30a shows the q wave vector dependence of the static
susceptibility calculated using renormalized band theory. The calculated q dependent
static susceptibility shows a clear maximum at the same position as the experimentally
observed propagation vector. Fig. 3.30b shows the heavy Fermi surface sheet of
CeCu2Si2, which consists of cylinders along the c axis. The pronounced maximum
in the static susceptibility at QAF is due to nesting of the Fermi surface for this
propagation vector. Thus, the experimental propagation vector of A-phase agrees
well with the maxima position of the calculated static susceptibility. This is a strong
evidence for the SDW nature of the A-phase.
In order to investigate the relation between the magnetic correlations and the
superconducting phase, elastic and inelastic neutron scattering experiment on S-type
CeCu2Si2 single crystals were performed at the triple-axis spectrometer PANDA (Mu-
nich research reactor FRM-II in Garching). As already shown in Fig. 3.26, the in-
tensity in the elastic channel as a function of sample rotation in S-type across the
(0.226, 0.226, 1.467) position indicates short-range magnetic correlations inside the
superconducting phase. In order to know more about the relation between the short
range correlations and superconducting phase we proceeded to the inelastic neutron
scattering. More results and a detailed discussion of this subject can be found in [37].
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Figure 3.31: Inelastic neutron spectra observed for a S-type single crystal at the AF
propagation vector.
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In Fig. 3.31 we show the scattering intensity as a function of the energy transfer
in the range 0 to 0.5 meV for two different temperatures, far below Tc at 50 mK
and just above Tc at ≃ 700 mK. At 50 mK a double-peak structure is detected, with
an elastic line, which remains at 700 mK and an inelastic peak at ≃ 0.2meV which
disappears at 700 mK. The elastic line is due to both incoherent scattering and to
the coherent scattering associated with the short-range order below 800 mK (see Fig.
3.25 and 3.26). It can be well fitted by Gaussian line shape [37]. The excitation at
0.2 meV which can be well fitted with a Lorentzian line shape seems to be directly
associated with the superconducting state, as it disappears at Tc. Since it is observed
at the location of the propagation vector observed for the magnetic state in the A and
AS phase, it indicates a connection between the interaction leading to the magnetic
state and the superconducting state. Taking the center of this inelastic peak as a
rough measure for the superconducting gap, one obtain 2∆ ≃ 4kBTc which is in good
agreement with the predictions for a weak-coupling d-wave superconductor. In the
normal state above Tc the inelastic peak is replaced by a quasielastic line which is
expected for a fluctuating local moment system.
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3.4 Conclusions
In this work we have successfully grown single crystals of CeCu2Si2 with precise and
controlled low-T physical properties and masses up to 5 g. As explained it is dif-
ficult to find any systematic differences either in chemical analysis or in the lattice
constants for the different ground states. But there is a clear relation between the
ground state and residual resistivity ratio, which reflects the disorder in the system.
These results show that the Cu:Si ratio can be well tuned by Cu in the self-flux crystal
growth method by tuning the Ce content. The magnetic susceptibility for different
types of single crystal shows a small but systematic dependence, being largest for
the A-type and smallest for the S-type. The electronic specific heat clearly demon-
strates four different ground state with a broader and smaller anomaly in A-type due
to a magnetic transition and a sharper and much larger anomaly in S-type due to
a superconducting transition. C/T is larger just above the transition in the A-type
single crystal and smallest for S-type, indicating an increase of the Kondo scale from
A to S type. This increase in C/T is also in agreement with the results from pressure
measurements. The low-temperature resistivity shows a non-Fermi liquid behavior
above TN or Tc, with an almost T -linear behavior below 3.5 K. The exponent in the
power law decreases from S to A type, and is slightly larger for current in the basal
plane than for current along c axis. The most important results is that our large
single crystals allowed for the first time the successful observation of the magnetic
Brag peaks in the A-type single crystal. This proves that the A phase is nothing
but a long-range incommensurate antiferromagnetic phase with a propagation vec-
tor (0.21 0.21 0.54). In AS-type single crystals, long-range magnetic order compete
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with superconducting phase, i.e. the magnetic order gets suppressed by the super-
conducting phase. Interestingly, short-range magnetic correlations coexist with the
superconducting phase in S-type single crystals. First inelastic neutron experiments
show a possible relation between the superconducting and magnetic phases evidenced
by the formation of a spin excitation gap in the magnetic excitation spectra at the
antiferromagnetic propagation vector below Tc.
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Chapter 4
Evolution of magnetism and
superconductivity in
CeCu2(Si1−xGex)2
4.1 Introduction
CeCu2Si2 was the first heavy-fermion superconductor discovered in 1979 [1]. The
isostructural compound CeCu2Ge2 is a heavy-fermion system (HFS) with a Kondo
temperature T ∗ = 6 K showing a magnetically ordered ground state [2]. Below the
Néel temperature TN = 4.1 K neutron powder diffraction revealed antiferromagnetic
(AFM) order with Kondo-compensated Ce moments [3,4,5]. The magnetic phase
transition of CeCu2Ge2 is reflected by a jump in the specific heat corresponding
to a mean-field transition [2]. The magnetic order in CeCu2Ge2 is in accordance
with the expected decrease of the hybridization strength between f and conduction
electrons upon increasing the volume from CeCu2Si2 to CeCu2Ge2 which stabilizes
the magnetic ordered state. With application of pressure, CeCu2Ge2 loses its AFM
state and becomes superconducting at an applied pressure of ≃ 7.0 GPa [6]. The
reduction in volume at that pressure corresponds to the difference in volume between
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CeCu2Si2 and CeCu2Ge2.
Despite nearly 30 years of study, the nature of the unconventional superconducting
state in CeCu2Si2 as well as its interplay with magnetism is still very far from being
understood [12, 13]. One way to gain more insight is to study this system upon tuning
the strength of the magnetism, which can easily be done by substituting Si by the
larger, but isoelectronic Ge. The investigations on polycrystalline sample were done
by Knebel et al. [7] and Trovarelli et al. [8]. Both authors reported an increase of the
Néel temperature with increasing Ge content. Furthermore, they found additional
phase transitions below TN. The recent detailed investigations on single crystals by
Deppe et al. [9, 15] show results similar to those obtained on polycrystalline samples.
Fig. 4.1 shows the magnetic phase diagram as a function of the Ge content x in
the region x < 0.5 drawn based on the specific heat, thermal expansion, electrical
resistivity and neutron diffraction results [9]. It clearly shows a continuous increase
of the Néel temperature TN with x and, in addition, a first order transition at T1 < TN.
For x > 0.4 even a third transition appears at TL < T1 < TN [9, 14]. Recently a
detailed NMR (Cu-NQR) study of a ≃ 1 % Ge-doped polycrystal [10, 11] suggests
coexistence of the slowly fluctuating AFM phase with superconducting phase.
Here, we investigate in more detail the low Ge-doped region 0.01< x< 0.10. Study
of pure CeCu2Si2 showed that the main parameter determining the ground state of
a given sample is the Cu/Si ratio. Therefore, we investigate here Ge doping for
various Si/Cu content. As we discussed for CeCu2Si2, superconductivity in CeCu2Si2
takes place in the vicinity of the disappearance of the magnetic phase. Accordingly
the pressure - temperature phase diagram of CeCu2Ge2 shows a superconducting
transition at pressure > 7 GPa [6]. However, superconductivity is still observed up
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to 10 % Ge doping, where it seems to coexist with magnetism in contrast to the
situation in pure CeCu2Si2. We have grown single crystals of CeyCu2(Si1−xGex)2,
with different compositions varying from x = 0.02 and 0.1, and y = 1.05, 0.98, 0.95,
0.9 and 0.8. The crystal-growth method used is the same as for pure CeCu2Si2, i. e., a
modified Bridgman method with Cu as flux. Initially we prepared the polycrystalline
samples using arc melting and than add 40 mole % Cu. We, furthermore, used the
same temperature profile as for pure CeCu2Si2 single crystals. With this procedure
we found large single crystals with mass ranging from 1 g to 5 g, and measured the
physical properties on these single crystals.
4.2 CeCu2(Si0.98Ge0.02)2
In order to study the evolution of the superconducting phase, we first synthesized
samples with 2 % Ge doping. We started the crystal growth with the pre-melted
composition of Ce0.95Cu2(Si0.99Ge0.02)2 and Cu flux. A powder X-ray diffraction mea-
surement confirms the sample to be single phase with the ThCr2Si2 structure and the
lattice parameters a = 4.101(4) Å and c = 9.9276(7) Å. The lattice constants are very
close to those of the undoped samples. EDAX shows that the actual Ge content in
a single crystal is approximately 0.8 to 0.85 %. Fig. 4.2 shows the high-temperature
electrical resistivity of a CeCu2(Si0.98Ge0.02)2 single crystal measured with current J
parallel to the crystallographic a direction. The resistivity shows the same Kondo
lattice behavior as observed in pure CeCu2Si2. The two broad maxima in ρ(T ) are
denoted as T ∗ and TCEF, the former being related to the onset of coherence among the
Kondo ions while the latter one is associated with Kondo scattering of the excited
crystal electric field levels. T ∗ is slightly lower compared to pure CeCu2Si2 which
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Figure 4.1: Temperature - Ge concentration (x, T) magnetic phase diagram of
CeCu2(Si1−xGex)2). Data points are collected from specific heat, resistivity data,
thermal expansion and neutron experiment. TN increases with increasing Ge substi-
tution, while SC is observed up to 10% Ge in resistivity [9].
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Figure 4.2: The temperature dependence of the electrical resistivity of a
CeCu2(Si0.98Ge0.02)2 single crystal measured with current J parallel to the crystal-
lographic a direction. The two broad maxima in ρ(T ) are denoted as T ∗ and TCEF.
Inset show low temperature resistivity measured for different magnetic fields.
98
is possibly due to two effects. Substituting Ge for Si shifts the system towards the
magnetic side and, thus, reduces TK. A second possibility is the disorder effect which
can also shift the onset of coherence to lower temperatures. The residual resistivity
ratio down to 2 K is 5, which is the same as for the stoichiometric samples. The
inset shows the low-temperature resistivity measured for different magnetic fields. In
zero magnetic field, ρ(T ) shows a sharp drop below 0.7 K, which shifts to lower tem-
peratures with increasing field and disappears (at least above 0.5 K) in an applied
magnetic field of 2 T. The small hump (anomaly) at 0.6 K for applied magnetic field
of 2 T is possibly due to AFM ordering.
The temperature dependence of the resistivity of CeCu2(Si0.98Ge0.02)2 in the tem-
perature range 0.8 K < T < 4 K is shown in Fig. 4.3. As in pure CeCu2Si2 it is
clear that the resistivity does not follow a T 2-law as would be expected for a con-
ventional Fermi-liquid system. It can be best fitted in the temperature range 0.9 K
to 3.5 K with ρ = ρ0 + AT
n, where ρ0 = 1.16 µΩcm, n = 1 and A = 7.3 µΩcm/K
2.
Such a NFL resistivity is often observed near a quantum critical point induced by a
zero-temperature antiferromagnetic phase transition.
The low-temperature specific heat of the CeCu2(Si0.98Ge0.02)2 single crystal in
zero field and at 2 T is displayed in Fig. 4.4 as C/T versus T . The data proves
that the system undergoes two subsequent phase transitions, a magnetic AFM one
at TN = 0.7 K, which is not affected by a magnetic field of 2 T, and a transition to a
superconducting state at Tc = 0.5K, which suppressed by B = 2 T. The sharp anomaly
at Tc is, on the one hand, a first indication for a first order transition from the SC
to the AFM state. On the other hand the large jump height of more than 1.2 J/mol
K2 shows the good quality of the single crystal. In the applied field of 2 T, which is
99
1 2 3 4
0
10
20
30
40
 
 
 
 Fit
 = 7.65 X T1
 
 c
m
)
T(K)
J//a
Figure 4.3: Low-temperature electrical resistivity of a CeCu2(Si0.98Ge0.02)2 single crys-
tal for 0.8 K < T < 4 K, and current J along the a axis. Solid line shows the
ρ = ρ0 + AT
n fit with ρ0 = 1.16µΩ, A = 7.65µΩcm /K and n = 1.0.
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Figure 4.4: Temperature dependence of the specific heat of a CeCu2(Si0.98Ge0.02)2
single crystal. Arrows show anomalies corresponding to magnetic ordering (TN) and
superconducting order (Tc), measured in zero and 2 T magnetic field.
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above the upper critical field the data show a small hump which likely corresponds
to the AFM phase transition. In order to investigate the coexistence or competition
of SC and AFM phase, we performed elastic neutron scattering measurements. More
details on these experiments shall be described in the PhD thesis of J. Arndt [16].
According to preliminary, non-published results of G. Bruls [22], and C. Geibel [23],
one expects a transition from competing SC and AFM to coexisting SC and AFM
phases upon stabilization of the magnetic state.
Fig. 4.5 shows the temperature dependence of the integrated magnetic intensity
(a.u) measured at the propagation vector q = (0.21 0.21 0.55) on CeCu2(Si0.98Ge0.02)2
single crystal in different applied magnetic field. The lower part of Fig. 3.5 shows the
ac-susceptibility measured simultaneously to detect the SC phase. In zero field the
integrated magnetic intensity increases with decreasing temperature below TN but
reaches a maximum when the system starts to become superconducting. Below Tc
the Bragg peak intensity decreases with further decreasing temperature and becomes
almost negligible below 300 mK. The reduction of the magnetic intensity with de-
creasing temperature in the superconducting regime in CeCu2(Si0.98Ge0.02)2 indicates
that the superconducting phase grows at the expenses of the magnetic phase. The
SC phase transition is confirmed by the sharp drop in ac-susceptibility as shown in
the lower part of Fig. 4.5. Upon applying a magnetic field of 0.5 K the SC phase
transition shifts to lower temperature, while the magnetic phase develops at expenses
of the SC phase. When the SC phase is suppressed by a field of 2 T (no signal in
ac-susceptibility), the Bragg peak intensity increases continuously down to the lowest
investigated temperature of 80 mK. This emphasizes the competition between the
SC and the AFM state. Thus, the 2 % Ge-doped single crystal presents the same
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Figure 4.5: Upper part shows the temperature dependence of the integrated magnetic
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behavior as the stoichiometric CeCu2Si2 single crystals. Likely, one needs a higher
Ge content to enter the regime of coexistence of SC and AFM phase. We therefore
investigated the behavior at a much higher doping of 10 % Ge
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4.3 CeyCu2(Si0.9Ge0.1)2
The neutron scattering experiments on the 2 % Ge-doped CeCu2(Si1−xGex)2 crystal
confirmed the competition of the long-range magnetic order and the SC phase. In or-
der to extend the studies, we prepared CeCu2(Si0.9Ge0.1)2 single crystals. As explained
earlier, the magnetic phase will be significantly stabilized at that Ge concentration.
Since experiments on polycrystals showed the SC phase to be very sensitive to the
Cu/Si ratio at 10 % doping, we also varied the Cu to Si/Ge content by tuning the
initial Ce content as explained in an earlier chapter. CeyCu2(Si0.9Ge0.1)2 samples
with compositions y = 0.8, 0.9, 0.98 and 1.05 were prepared using arc melting of pure
elements in appropriate compositions. The same flux growth technique is used as of
pure and 2 % Ge-doped single crystal. We obtained large single crystals with mass
ranging from 1 g to 5 g. On these single crystals we measured the transport and
thermodynamic properties.
In previous investigations of polycrystalline CeCu2(Si1−xGex)2 samples, it was
established that the Si/Ge ratio mainly influences the unit cell volume, while the Cu/
(Si+Ge) ratio mainly affects the c/a ratio [9, 19]. We, therefore, plot in Fig. 4.6 the
unit cell volume V and the c/a ratio as a function of the initial Ce content. The unit
cell volume scatters around V = 167.9± 0.1 Å3, which according to a calibration based
on the polycrystals corresponds to a Ge doping level of 8.4 ±1.2 %. The microprobe
analysis also reveals a Ge doping level of 8 % to 9 %, thus, in excellent agreement
with the value determined from the lattice parameters. This slight reduction of the
real Ge content compared to the initial melt composition is in good agreement with
the observations by M. Deppe [9], who in his extended work on the crystal growth of
CeCu2(Si1−xGex)2 already noticed a reduction by 10%.
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Figure 4.6: Unit-cell volume and c/a ratio as a function of the initial Ce concentration
in the initial melt. Lines are guide to the eye.
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In contrast to the unit cell volume, the c/a ratio presents a clear dependence on
y, with a pronounced drop for y > 0.9. A comparison with the results obtained on
off-stoichiometric polycrystalline samples indicates a nearly stoichiometric or slightly
Si/Ge - rich 122 phase for y = 0.80, and a 2 % excess Cu in the y = 1.05 single crystals.
The clear decrease of the c/a ratio with increasing y proves that an increasing Ce
content in the flux results in an increase of the Cu content in the single crystals.
Unfortunately, the change in the Cu content of the present single crystals was too
small to be directly detected in the microscopic measurement.
The room-temperature normalized resistivity ρ/ρ300K for the different initial Ce
concentration y = 0.8, 0.9, 0.98 and 1.05 is shown in Fig. 4.7. The resistivity was
measured with current J parallel to a. The overall temperature dependence of the
resistivity for all different initial compositions is the same as for pure CeCu2Si2.
As already explained in the previous chapter, the maximum at TCEF near 100 K
corresponds to the Kondo scattering of excited CEF levels, while the maximum at
lower temperature marked with T ∗ reflects the onset of coherent scattering. Compared
to pure CeCu2Si2 the former one does not show appreciable changes, while the latter
one is now much more pronounced and shifted towards lower temperatures. The
most pronounced changes between different initial Ce content y are the maximum
values of ρ(T ∗)/ρ300K at ρ(T
∗) and the residual resistivity RR2K = ρ2K/ρ300K, both
being closely related. Furthermore, one can also notice a shift of T ∗ with the initial
composition y. Therefore, we plot in the inset of Fig. 4.7 T ∗ and RR2K as a function
of y. RR2K presents a clear minimum for y = 0.98 and increases for larger as well as
smaller y. This suggests that the single crystal grown from the melt y = 0.98 are close
to a stoichiometric (Si+Ge)/Cu ratio. It is noted that T ∗ presents a y dependence
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which is just the opposite of RR 2K(y) with the largest value for y = 0.98 whereas
the maximum in ρ is also more pronounced and smaller values for larger or smaller y.
This fact indicates that in the present system T ∗ is mainly determined by disorder,
not by change of the Kondo scale TK. This is confirmed by specific heat measurements
which indicate the change in TK to be much weaker than those in T
∗.
Upper part of Fig. 4.8 shows the specific heat as a function of temperature for
different compositions y in zero magnetic field. C/T shown in Fig. 4.8 corresponds to
the electronic contribution since the phonon contribution is negligible in this temper-
ature range. The AFM transition is observed at TN = 1.32 K for y = 0.98, which is
consistent with the previous report of M. Deppe [9]. Increasing the initial Ce content
to y = 1.05, which is expected to results in an increasing of Cu/(Si+ Ge) ratio in the
single crystal, leads to a significant shift of TN towards lower temperatures, and to a
reduction of the size of the anomaly at TN. By contrast, decreasing y results initially
in a slight increase of TN and a slight sharpening of the transition. The results for y
= 0.8 are very close to those for y = 0.98. Thus, as for pure CeCu2Si2, a higher Cu
content weakens the AFM state quite significantly, while a lower Cu content has no
strong effect. In order to find out whether these changes can be related to a varia-
tion of the Kondo scale we compiled the entropy S(T ) by integrating the measured
C(T )/T . For the region below 0.5 K which is the limit of the experiment, the mea-
sured C/T date above 0.5 K were linearly extrapolated to T = 0. The resulting S(T )
is shown in the lower part of Fig. 4.8. The difference between the four compositions
are quite small, however, it is not really larger than the accuracy of the experimental
data. All curves reach 0.5Rln2 (the S(T ) value expected for T = TK/2) near T = 5 K
showing that there is no large difference in TK, TK being close to 10 K (close to the
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Figure 4.8: Upper part shows the temperature dependence of the specific heat for
different initial Ce composition y = 0.8, 0.9, 0.98 and 1.05. Arrows show anomalies
corresponding to the magnetic ordering TN. Inset shows the variation of TN with
respect to the y concentrations. Lower plot corresponds to the entropy versus tem-
perature for four compositions. The total entropy was calculated by extrapolating
the specific heat to T = 0.
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value for pure CeCu2Si2) for all single crystals. There is a tendency in favor of an
increase of the entropy and thus a slight decrease of TK with increasing y. However,
the difference is obviously much smaller than those observed for T ∗, proving that
changes in T ∗ is mostly determined by disorder. These results of the specific heat
measurements suggest that the magnetic ordering is also more sensitive to the kind
of disorder (Cu on Si site or Si on Cu site) than on TK.
In order to look at the superconductivity in this system we measured the low-
temperature resistivity. Fig. 4.9 shows the electrical resistivity in the temperature
range 50 mK to 1 K for different y values. The current was applied along a random
direction. All curves show a pronounced, superconducting-like drop in ρ(T ), near
0.45 K for y ≤ 0.9 but shifts down to ≃ 0.2 K for y = 0.8. This latter single crystal
presents a further weak and smooth decrease of ρ(T ) below 0.8 K, which corresponds
to a lock-in transition of the propagation vector [20, 21]. In the y = 0.8 single crystal,
we could resolve a hysteresis in the ρmeasurement between heating and cooling curve,
see inset of the Fig. 4.9. This is a further confirmation for the first order nature of
this transition. The sharpest SC transition is observed for y = 1.05, while decreasing
y leads to a broadening of the transition, besides the shift to lower T . This suggests
the SC state to be more robust for large y value, i.e., Cu excess. This correlation
is the same as that observed in pure CeCu2Si2. In lower part of Fig. 4.9 we plot
the ratio of ρ just above Tc to ρ at 300 K, ρLT/ ρ300K, as well as the midpoint of
the SC transition in ρ as a function of y. While Tc clearly correlates with y, it does
not correlate with the resistivity. This is in contrast to the behavior expected for
unconventional SC and observed in many heavy-fermion SC, but in analogy to the
behavior observed for pure CeCu2Si2.
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Figure 4.9: Upper part shows the low-temperature electrical resistivity in the tem-
perature range 50 mK to 1 K for different values of y, 0.8, 0.9, 0.98 and 1.05, the
current was applied in random direction. All the samples show the superconducting
transition. The sample with y = 0.8 shows a clear magnetic transition T1 at 0.8
K. Inset shows the hysteresis observed at T1 in resistivity for the sample with y =
0.8. Lower part: Open circles correspond to 50 % Tc and closed circles correspond to
inverse of residual resistivity ratio (ρLT/ρ300K) for different y concentration.
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In order to check the bulk nature of the SC phase in these samples we studied the
low-temperature specific heat (measurements performed by T. Cichorek). The low-
temperature specific heat was measured using the quasiadiabatic heat-pulse method.
More details can be found elsewhere [18]. Here we chose two single crystals, one
with a good RRR and another with a large and sharp superconducting transition
in ρ(T). Fig. 4.10 shows the low-temperature specific heat divided by temperature
measured for y = 1.05 and 0.9 in the temperature range 100 mK to 2 K. The first
obvious result is the absence of any clear anomaly related to the superconducting
transition near 0.4 K. Thus, the superconductivity observed in ρ (T) at Tc is not
a bulk property. A careful analysis of the data below 0.2 K suggests that in the
y = 1.05 sample a small anomaly is hidden in the upward tail corresponding to a
much lower Tc. However, it was not possible to determine independently the nuclear
contribution which lead to this tail. Therefore, a confirmation for the presence of bulk
SC at low temperature in this single crystal is lacking. However, a recent specific heat
measurement on a large y = 0.9 single crystal revealed a small, but clear anomaly at
Tc = 0.15 K and χac measurements showed a pronounced diamagnetic signal below
this temperature. Thus, in this large y = 0.9 single crystal bulk SC at T = 0.15
K was demonstrated. Neutron scattering experiments on the same crystal did not
reveal a decrease of the magnetic Bragg peak intensity below 0.15 K, indicating the
coexistence of SC and AFM in this single crystal [16]. By contrast, the anomalies
related to the magnetic transitions are large and clearly seen. Thus, the data above
0.5 K are in good agreement with those previously obtained with the PPMS (see Fig.
4.8). This indicates a good homogeneity of the single crystal concerning the magnetic
properties, since the present data were obtained on a large part of the single crystal
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Figure 4.10: Temperature dependence of the heat capacity divided by temperature
at B = 0 for y = 1.05 and 0.9. We observed two phase transitions T1 and TN for y =
0.9 and one transition for y = 1.05.
(1 g), while the PPMS data were obtained on a small part (< 4mg). The y = 1.05
single crystal presents only one transition at TN = 1.3 K. The much larger anomaly
at TN in the present measurement compared to the PPMS data can be related to the
different measurement techniques, quasi-adiabatic versus relaxation method, and the
first order type transition at T1, for which a relaxation techniques is not appropriate.
4.4 Discussion and Conclusions
Previous investigations of the alloy system CeCu2(Si1−xGex)2 [5, 8, 9] clearly show
that substituting Ge for Si stabilizes the antiferromagnetic state. Many of these
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results suggest an evolution from a SDW-type ordering of heavy quasiparticles at
low Ge content to a classical AFM order of local moments for a Ge doping level
larger than 20 %. The aim of the present work was to study the evolution of the
superconducting state upon increasing Ge- content. For this purpose we have grown
CeCu2(Si1−xGex)2 single crystals with x = 0.02 and x =0.10 and investigated their
magnetic and SC properties by means of resistivity, magnetic susceptibility, specific
heat and neutron scattering measurements.
The x = 0.02 single crystal showed almost the same properties as a stoichiometric,
undoped CeCu2Si2 single crystal of A/S type: the temperature T
∗ of the Kondo max-
imum in ρ(T ), the resistivity ratio at low temperature, the anomaly in C(T ) at the
AFM transition at TN = 0.7 K, followed by a large peak at the onset of superconduc-
tivity at Tc = 0.5 K. All these properties look very similar to those observed for pure
CeCu2Si2 A/S type single crystals. Accordingly, the neutron scattering experiments
reveal a competition between the SC and the AFM phase, the former one expelling
the latter one below Tc. Thus our results are in clear disagreement with a recent
report by Kitaoka et. al [17] based on NMR results which observed the coexistence
of SC and AFM on a microscopic scale in a polycrystalline sample with 1 %Ge. We
suspect that this disagreement is the result of different level of disorder and slight
differences in composition.
For 10 % Ge doping, we have grown a series of single crystals with different
initial Ce content y in the flux, because the effect of deviation from stoichiometric
(i.e. Cu/[Si+Ge]) on the superconductivity was not yet known. Analysis of lattice
parameters and measurements confirmed a Ge doping level of ≃ 8.5 at. %, slightly
lower than the initial level in the flux as expected from previous studies on the flux
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growth of the alloy. The small but clear decrease of the c/a ratio with increasing
y indicates an increase of the Cu/(Si+Ge) ratio with increasing y. A comparison
with the polycrystalline data suggest that single crystals with small y are nearly
stoichiometric while the y = 1.05 single crystal has a Cu excess of ≃ 2 %. The results
of the ρ(T) measurements reveal a strong dependence of the temperature T ∗ of the
low-T maximum (Kondo coherence peak), of the magnitude of this maxima, and of
RRR on the y content. A large value of T ∗ correlates with a small magnitude of
resistivity at 2 K and a large RRR. Largest RRR and T ∗ are observed for y = 0.98,
while smaller and larger y lead to a significant decrease of T ∗. This suggest that the
y = 0.98 single crystal is close to stoichiometry, while the y = 0.8 and the y = 1.05
single crystals have significant amounts of defects. Furthermore it indicates that the
change in T ∗ is related to disorder and not to a change in the Kondo temperature
TK. We observed a clear dependence of the AFM transition on y. Small y, i.e.,
nearly stoichiometric single crystals presents a sharp transition at a comparatively
high temperature TN ≃ 1.25 K, while the excess Cu in the y = 1.05 single crystal
results in a broader transition and a shift to lower temperatures, TN ≃ 0.7 K. Thus,
Cu excess leads to a weakening of the AFM state as for undoped CeCu2Si2. However,
an analysis of the entropy did not revel a significant change towards larger TK in
single crystals with Cu excess.
All the samples show at low temperatures a pronounced drop in resistivity to ρ(T)
= 0 indicating superconductivity with Tc in the range 0.2 K < Tc < 0.5 K. The y
= 1.05 single crystal presents a very sharp transition at a comparatively high Tc ≃
0.45 K, while the y = 0.8 single crystal exhibits a much broader transition at lower
Tc ≃ 0.2 K. Thus, the resistivity data would suggest SC to be more stable when
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the AFM state is weaker, similar to the situation in undoped CeCu2Si2. However,
no anomaly was observed in C(T ) at the respective transitions, indicating that this
superconductivity is not a bulk property. The low-temperature C(T ) measurements
performed on small y = 1.05 and y = 0.9 single crystal reveal only in the former one a
weak indication for a SC state at a much lower Tc < 0.15 K. However, a recent study
of a large (1.9 g) y = 0.9 single crystal evidenced a small but clear anomaly in C(T )
at Tc = 0.15 K, associated with a pronounced diamagnetic signal in χac, proving bulk
SC in this crystal. Neutron scattering experiments performed on same single crystal
did not show a weakening of the AFM sate below Tc, pointing to the coexistence of
SC and AFM state [16].
In summary, we have grown CeCu2(Si1−xGex)2 single crystals with x = 0.02 and x
= 0.10 to study the evolution of the superconducting state upon stabilizing the AFM
state by Ge doping. The 2 % Ge-doped single crystal showed competing SC state with
Tc = 0.5 K and AFM state with TN = 0.7 K, the former one expelling the latter one
below Tc, as in pure, undoped CeCu2Si2 single crystal of A/S type. By contrast, bulk
SC was up to now only observed in one of the several 10 % Ge-doped single crystal,
and their neutron scattering experiments indicate that SC and AFM state coexist.
Thus, the present study gives a further confirmation of a transition from competing
to coexistence SC and AFM upon stabilizing of the AFM state. However, the SC
state in 10 % Ge-doped CeCu2Si2 seems to be even more sensitive to stoichiometry
and defects than in undoped CeCu2Si2, and the present studies leave many question
still open, but gives some ideas for improvement. Thus, further studies both on the
growth and of the physical properties of 5 % to 10 % Ge-doped single crystals are
necessary to get a deeper insight into the regime where SC and AFM state coexists.
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Chapter 5
Magnetic and Quadrupolar
ordering in YbRu2Ge2
5.1 Introduction
The spin and orbital degrees of freedom of 4f electrons in rare-earth compounds al-
low for further type of ordering beside the standard one, i.e. that of the magnetic
dipole moment. Higher-order moment ordering like quadrupolar, octupolar has been
observed and studied in a number of systems. Recently, these higher order moments
have received considerable attention. In rare-earth intermetallic compounds the in-
teraction between the higher order moments also occurs through conduction electrons
by an indirect exchange mechanism, as the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction. Similar to dipole ordering there exist ferro or antiferroquadrupolar or-
dering depending on the quadrupolar interaction. However, in most of the systems
dipole ordering is dominating. Furthermore, the occurrence of quadrupolar order im-
plies the presence of quadrupolar degrees of freedom which puts some constraints on
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the crystal field scheme, and further reduces the number of appropriate compounds.
Thus, most examples of quadrupolar order were observed in Pr- and Tm-based com-
pounds, because the even number of f-electrons in these elements results quite often
in non-magnetic doublets as crystal electric field (CEF) ground states, which pro-
vide a basis for the occurrence of quadrupolar ordering. Examples for systems with
quadrupolar ordering are PrPb3 [1] and the RB2C2 [3, 2] (R = rare earth). In many
cases one first observes quadrupolar ordering and then at lower temperature dipolar
ordering. Thus, the tetragonal compound TmAu2 [4, 5], which is discussed later,
shows the ferroquadrupolar ordering at T0 = 7 K and AF magnetic order at TN = 3.2
K.
For elements with an odd number of f-electron, like Ce and Yb, non-cubic envi-
ronment of the f-element splits the J multiplets into Kramers doublets, which carry
a dipole but no quadrupole moment. For these elements, quadrupolar ordering is
usually restricted to cubic systems, where under appropriate circumstances the CEF
ground state can be a quartet which carries a quadrupolar moment. For Ce the
prototype is CeB6 [6, 7], which has been extensively studied since many years. By
contrast, for Yb no example for quadrupolar ordering has yet been well established for
intermetallic Yb systems. YbSb was proposed to be a antiferroquadrupolar ordering
(AFQ) at 5 K, where a very strong exchange leads to a mixing of excited and ground-
state CEF doublet [8]. But the parameter required for such a mixing are rather
extreme and the ordering is very far from being conclusive. Very recently, YbAl3C3
[9] was proposed to show quadrupolar ordering at an extremely high ordering tem-
perature TQ = 80 K. Later on, it was shown that it is a structural distortion, which
is not related to 4f-electrons [10]. Thus, a clear example for quadrupolar ordering in
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an Yb compound is still lacking.
In intermetallic compounds based on Ce or Yb, the instability of the f -shell allows
them to be tuned from a magnetic to a non-magnetic state by changing the chemical
composition or by applying pressure. At the crossover from the non-magnetic to the
magnetic state, one observes unusual properties like the formation of heavy fermions,
the onset of unconventional superconductivity, or strong deviations from the Fermi-
Liquid behavior usually expected in a metal. A large part of the research in this
field was performed on CeT2X2 compounds (T = transition metals, X = Si and Ge)
crystallizing in the ThCr2Si2 or a related structure type. Two prominent examples
are CeRu2Si2 [11, 12] and CeRh2Si2 [13], the former one is just on the non-magnetic
side and shows an unconventional metamagnetic transition from a delocalized to a
localized f -state, while the later one, although being just on the magnetic side of
the crossover, has the highest antiferromagnetic ordering temperature among all Ce
compounds. While all the CeT2X2 compounds have now been thoroughly investi-
gated, much less studies were performed on the Yb-based homologous compounds.
For the Yb compounds with T = Ru, Os, Rh, Ir, only little or nothing is known
about their physical properties. Recently, YbRh2Si2 [14, 15] was found to be located
extremely close to the quantum critical point (QCP) connected with the onset of a
magnetic ordered state with TN = 70 mK, which leads to very interesting properties
and makes this compound one of the most fascinating in the field of quantum phase
transitions. This transition at TN can be suppressed either by small doping of Ge, La
or Lu or by a small applied magnetic field B = 0.06 T. However, tuning to the QCP
by chemical doping or by applying a magnetic field might inhibit the appearance of
unconventional superconductivity. The appropriate approach for the observation of
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a QCP at B = 0 in a clean Yb-system is to start with a pure Yb compound located
on the paramagnetic side of the QCP and to apply pressure. Since for Yb applying
pressure for the magnetic configuration because of its smaller atomic volume. An
example for such a systems is YbIr2Si2, which was recently investigated in our group
[16]. It is a heavy fermion system just on the non-magnetic side of the critical point,
exhibiting Landau Fermi-liquid state below 0.2 K. By application of external pressure
> 3 GPa, YbIr2Si2 first shows non Fermi-liquid behavior and at even higher pressure
evidence for magnetic order, but no sign of suprconductivity despite a very low resid-
ual resistivity ρ0 < 1µΩcm. In search for further interesting Yb-based compounds
we synthesized YbRu2Ge2 and investigated its physical properties. To the best of
our knowledge only structural data have been reported previously [17]. Our results
revealed a stable trivalent Yb state, rather complex ordering phenomena with three
successive transitions at T0 = 10.2 K, T1 = 6.5 K and T2 = 5.7 K, and, to our surprise,
a quasiquartet crystal field ground state which is a unique situation among YbT2X2
compounds. The behavior observed at T0 suggests this transition to be quadrupolar
in nature. The combination of a quasiquartet CEF ground state, a high Yb ordering
temperature and the likely relevance of quadrupolar interactions makes YbRu2Ge2 a
unique system among Yb-based compounds. In order to check further the microscopic
nature of these phases we performed neutron diffraction and muSR (Muon Spin Ro-
tation, Relaxation and Resonance ) experiments. These measurements confirm the
magnetic ordering at 6.5 K and show no dipolar order at 10 K [18].
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5.2 Sample preparation
The preparation of YbRu2Ge2 turned out to be difficult. First attempts by heating
a stoichiometric amount of Yb, Ru and Ge in sealed tungsten crucible up to 1450
◦C leads to the formation of other phases like monoclinic Yb2Ru3Ge4 [23], cubic
Yb4Ru7Ge6 [20]. Annealing the melted ingots did not lead to a significant improve-
ment. A first success was reached by using a solid state sintering method. A stoi-
chiometric (2 % excess of Yb) amount of the three elements (99.99 % pure) is sealed
inside a tantalum crucible using arc welding. The sealed Ta crucible is annealed at
1200 ◦C for four days in Ar atmosphere. After cooling to room temperature, the sam-
ple is ground into powder and pressed into pellets. The same annealing treatment
is repeated for 6 more days with the pellets. X-ray powder diffraction and electron
probe microanalysis confirm the formation of polycrystalline YbRu2Ge2 with lattice
parameter a = 4.2105 (10) Å and c = 9.7567 (20) Å. Some of low intensity peaks are
unindexes which correspond to an impurity phase which is less than 2 % of the main
phase, possibly due to Yb-oxide (Yb2O3) phase.
High quality single crystals of YbRu2Ge2 were obtained using a flux method.
97.5 mole % of In flux and 2.5 mole% of a stoichiometric amount of Yb, Ru and
Ge elements were put together in a Alumina crucible. The Alumina crucible was
heated in argon atmosphere in a vertical furnace to 1450 ◦C within 5 hrs, kept at this
temperature for 1 hr, and then slowly cooled down with 5 ◦C/hr to 1200 ◦C. More
details on the crystal growth is explained in the crystal growth chapter. Electron
probe microanalysis and X-ray powder diffraction pattern of further single crystals
showed that some of the single crystals were single phase YbRu2Ge2, while others
had few impurity phases of less than 5 % at the surfaces. The lattice parameters of
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Figure 5.1: Temperature dependence of the magnetic susceptibility of a polycrys-
talline YbRu2Ge2 sample for different magnetic fields. Inset: Inverse magnetic sus-
ceptibility in an applied field of 5 T.
our single crystals, a = 4.2116 (10) Å and c = 9.7549(20) Å were slightly different
from those obtained for our polycrystals, a = 4.2105 (10) Å and c = 9.7567 (20)Å,
but differed significantly from those reported in the literature, a = 4.203 (4) Å and
c = 9.763 (9) Å [17]. This suggests the existence either of a significant homogeneity
range (likely along the Ge-Ru line) or of Ge-Ru disorder, changes in composition
or disordering leading to a decrease of the lattice parameter a and a much weaker
increase of c.
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5.3 Physical properties
5.3.1 Magnetic susceptibility of YbRu2Ge2
First we shortly report the results of the magnetic susceptibility measurements on a
polycrystalline YbRu2Ge2 sample. Fig. 5.1 shows the variation of the magnetic sus-
ceptibility with temperature. The measurements were performed in the temperature
range from 2 K to 300 K for different applied magnetic fields.
As the temperature decreases, the magnetic susceptibility increases indicating
strong paramagnetic behavior. Accordingly, 1/χ follows a Curie-Weiss law as shown
in the inset of Fig. 5.1. A fit (solid line) of the high temperature data above 50 K to
the Curie-Weiss law 1/χ = C/(T−θP ) gives an effective moment µeff = 4.13 µB which
is close to the value 4.54 µB for free trivalent Yb
3+ moments. The Weiss temperature
is estimated to θP = - 18 K, indicating dominant antiferromagnetic interaction at low
temperatures. At approximately 6 K there is an anomaly which almost disappears
at higher field suggesting AFM order at 6 K. The magnetic susceptibility increases
further below the transition in low fields which is likely due to some paramagnetic
defects. Thus, these preliminary results indicate that Yb is in 3+ state and orders
magnetically below 6 K.
Because of strong crystal electric field effects, rare-earth based magnetic systems
usually present a strong anisotropy of the magnetic properties. Therefore a precise
investigation of these properties requires a single crystal. Fortunately, the YbRu2Ge2
single crystal obtained from the flux growth was just large enough for the measure-
ments of the susceptibility and the magnetization along the main directions. For the
tetragonal structure one excepts the strongest anisotropy between the c- axis and the
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Figure 5.2: Temperature dependence of the magnetic susceptibility of YbRu2Ge2 for
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temperature part.
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basal plane, while in the basal plane, no anisotropy is excepted at low field in the
paramagnetic state. Therefore we first address and compare the temperature depen-
dence of the magnetic susceptibility for different magnetic fields applied along the
basal plane (Fig. 5.2) and along the c direction (Fig. 5.3). The anisotropy within
the basal plane in the ordered phase shall be addressed later.
The magnetic susceptibility is strongly anisotropic, being much larger for fields
along the basal plane (Fig. 5.2) than for fields along the c axis (Fig. 5.3), which
indicates that the basal plane is the easy plane and c is the hard direction. For the
easy plane, a pronounced drop of χab(T ) at T1 = 6.5 K at small magnetic field evidence
a transition to a magnetically ordered state, while no anomaly is visible above or below
6.5 K (Inset of Fig. 5.2). However, there is a small change of slope at 10 K which
will be more pronounced in magnetic susceptibility along hard direction. The 6.5 K
anomaly marked by an arrow shifts to low temperatures upon increasing the magnetic
field, as expected for an antiferromagnetic transition. The magnetic susceptibility at
2 K amounts to 0.14 emu/mole for an applied field below 1 T, but increases strongly
around B = 2 T, suggesting the presence of a metamagnetic transition.
For fields along the hard axis (Fig. 5.3), χc is one order of magnitude lower
than the susceptibility along the basal plane (Fig. 5.2) at low temperatures. This
indicates that in YbRu2Ge2 the Yb-magnetic moment is mainly confined in the basal
plane. At low temperatures (inset Fig. 5.3), χc(T ) shows a significant change of
slope at T0 = 10.5 K, followed by a very pronounced decrease below T1 which was
also observed in χab. The magnetic field dependence of both the 6.5 K and the 10
K anomalies is very weak, as expected for field applied along a hard direction. Also
the susceptibility at 2 K remains the same with increasing magnetic field, in contrast
129
10 100
0.00
0.01
0.02
0.03
0 10 20
0.015
0.020
0.025
0.030
 
 
TO
C
em
u/
m
ol
)
T(K)
T1
[001]
B//c
 
 
 c(
em
u/
m
ol
)
T(K)
 B=1T
 B=3T
 
T1 To
B//c
Figure 5.3: Temperature dependence of the magnetic susceptibility of YbRu2Ge2 for
magnetic fields B = 1 T and 3 T applied along c axis. Inset: Low-temperature part.
130
0 100 200 300
0
50
100
150
200
250
 
 
 B// [100]
 B// [110]
 B// [001]
 (m
ol
/e
m
u)
T(K)
Figure 5.4: Temperature dependence of the reciprocal magnetic susceptibility of
YbRu2Ge2 measured along [100], [110] and [001].
to the field dependence in the basal plane. Thus, χc gives the first clear indication
for a phase transition at T0 = 10 K which, as discussed later, is likely of quadrupolar
order.
The temperature dependence of the reciprocal magnetic susceptibility of YbRu2Ge2
for fields along [100], [110] and [001] is shown in Fig. 5.4. For fields along the basal
plane, 1/χ[100] and 1/χ[110] follow rather well a Curie-Weiss law from 150 K up to
room temperature. The slight curvature in the 1/χab(T ) versus T plot around 200 K
can be attributed to crystal field effects. The value of the effective moment extracted
from the slope between 150 and 300 K is 4.5 µB, very close to the value expected for
a trivalent Yb state (4.54 µB). At high temperatures, the reciprocal magnetic suscep-
tibility is isotropic along [100] and [110] as expected, while the anisotropy between
[100] and [001] is relatively strong. Furthermore, the 1/χc(T ) versus T curve shows a
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pronounced negative curvature. As a result the slope at 300 K is still slightly smaller
(20 %) than that expected for a free Yb3+ state. Such a pronounced curvature in
1/χ(T ) for fields along the hard axis can be attributed to a rather large overall crystal
field splitting. In the related compounds YbIr2Si2 [21] and YbRh2Si2 [22], the highest
excited CEF level is indeed above 400 K. The curvature in 1/χab and 1/χc makes
it difficult to give exact values for the Weiss parameter, θW . For fields within the
basal plane θW is close to zero, while for fields parallel to c, θW is larger than 150
K. This difference is related to CEF effects and demonstrates the huge anisotropy of
this compound.
Below 15 K, we observe an increasing anisotropy within the basal plane. Fig. 5.5
shows χ(T ) below 20 K for different magnetic fields applied along [100] and [110].
While χ[001] presents a clear anomaly at T0 = 10 K, no anomaly is visible for fields
along [110]. However, a difference develops between χ[100] and χ[110] below approxi-
mately 12 K at B = 1 T, and reaches a maximum at T1 = 6.5 K where the suscep-
tibility along [100] is 30 % greater than along [110] direction. The temperature at
which this difference opens increases with increasing the field, while the maximum
value of this difference does not change significantly. Such an anisotropy suggests
that below 10 K, YbRu2Ge2 has no more tetragonal symmetry but a lower one like
e.g orthorhombic. A basal plane anisotropy in a tetragonal system at low field is com-
monly observed in the magnetically ordered state, because the ordering reduces the
symmetry of the lattice. Our results for YbRu2Ge2 are very similar to those reported
for the tetragonal system TmAu2, where a ferroquadrupolar ordering at T0 leads to a
comparable anisotropic behavior within the basal plane. Thus, these results support
the occurrence of a quadrupolar ordering at 10 K in YbRu2Ge2.
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This basal-plane anisotropy is consistent with the angular dependence of the mag-
netic susceptibility in the basal plane at different temperatures (Fig. 5.6). The mag-
netization was measured as a function of the orientation of the magnetic field (B =
1 T) in the basal plane. The sample was rotated around its c axis perpendicular
to the field. Fig. 5.6 shows the angular dependence of the magnetic susceptibility
at different temperatures, i. e., in the paramagnetic region (15 K), the quadrupo-
lar phase (8 K), and in the magnetically ordered state (5 K and 2 K). The angular
dependence of the magnetic susceptibility has roughly a fourfold symmetry with a
maximum along [100] and a minimum along [110] at all investigated temperatures.
The difference, however, is very large at T = 5 K and T = 10 K but very weak at T
= 15 K. The deviation from the fourfold symmetry can be attributed to off-centering
during rotation of the sample and an anisotropy of the very large background of the
sample holder.
We completed our investigation by measurements of the magnetization for fields
along the main directions. Fig. 5.7 shows the magnetization at 2 K, 4 K and 8
K in fields up to 5 T, applied along the [100] direction. At 2 K, a sharp, field-
induced metamagnetic transition is observed at B = 1.6 T. The magnetization shows
a sharp jump of 0.25 µB/Yb. The transition shifts slightly to higher fields at 4 K
and disappears at 8 K. Along the [110] direction (Fig. 5.8) a broad transition at a
slightly higher critical field is observed. We could not resolve any hysteresis, neither
along [100] nor [110]. The magnetization at 4 K and in applied field of 5 T reaches
2 µB/Yb for the [110] and 2.6 µB/Yb for the [100] direction, respectively. Fig. 5.9
shows the magnetization for fields along the c axis at two different temperatures
2 K and 8 K. No metamagnetic transition is visible and the magnetization at 5
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T is only 0.25 µB/Yb, which is expected for the behavior along the hard axis. It
should be pointed out that such a field-induced transition is quite common in the
magnetization process in quadrupolar ordered systems. For example in TmAu2 [4, 5]
and RB2C2 (R = rare earth) [3, 2] multiple steps were observed in the magnetization
curve. This is due to strong quadrupole - dipole interaction. An applied magnetic
field can influence the quadrupolar moment and hence the magnetic structure. On
the other hand, metamagnetic transitions are also quite common in other magnetic
rare-earth systems, but, there, the step in M(B) is usually a large fraction of the
saturation moment. In YbRu2Ge2, the step is one order of magnitude smaller than
the saturation moment. We therefore, suspect that this is related to the quadrupolar
ordering at T0.
5.3.2 Specific heat of YbRu2Ge2
The specific heat measurements on the polycrystalline sample of YbRu2Ge2 already
reveal the basic features in the magnetic behavior. The data shown in the Fig. 5.10 as
a plot of C/T versus T evidence a weak transition at ≃ 10 K, and a much larger one at
≃ 6.5 K in agreement with the anomalies observed in the susceptibility measurements.
However, a sharp peak in C/T at ≃ 5.5 K indicates a further transition, not yet
observed in the susceptibility data. Furthermore, the curve displayed in the inset of
Fig. 5.10 immediately suggests that the magnetic entropy exceeds the value Rln2
expected for a Kramers CEF doublet. Indeed, an integration of C/T reveals the gain
of entropy between 2 K to 12 K to amount to about 10 J/mol K, almost twice the
value of Rln2 ≃ 5.7 J/mol K (inset of Fig. 5.10). This excess of entropy cannot be
attributed to phonons. Their contribution is still small even at 12 K, since C/T is
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Figure 5.10: The temperature dependence of the heat capacity of polycrystalline
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versus T .
not increasing at this temperature, as would be excepted for a Debye contribution.
Thus, the specific heat results obtained on a polycrystalline sample indicate a complex
ordering with three transitions at T0 ≃ 10 K, T1 ≃ 6.5 K and T2 ≃ 5.5 K, as well as
a magnetic entropy for above Rln2 at T0. These results are confirmed by the specific
heat measurements on single crystals. Since these data have a much higher quality,
single crystal shall be used for a detailed study of the properties of YbRu2Ge2.
For the single-crystal C/T data (Fig. 5.11), the three transitions at T0 ≃ 10.2
K, T1 ≃ 6.5 K and T2 ≃ 5.7 K are much sharper than in the polycrystalline sample.
Furthermore, the anomaly at T0 is much large with a step ∆C ≃ 9 J/mol K, almost
as large as ∆C ≃ 14 J/mol K at T1 (see inset of Fig. 5.11). All the features are
well reproduces in different single crystals. The large size of the anomalies as well as
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Figure 5.12: Low-temperature specific heat. Inset shows C/T versus T 2.
their reproducibility prove that these three transitions are intrinsic. The transition
T0 resembles a mean-field like step, those at T1 and T2 show characteristics of a λ
type transition.
In Fig. 5.12 we present the specific heat data at the lowest investigated tem-
peratures in more details. Below 1.5 K, C/T converge towards a constant value.
This linear term can be attributed with an enhanced Sommerfeld coefficient γ ≈ 100
mJ/K2mol. The slight upturn below 0.8 K might be either due to a nuclear Schottky
contribution (due to Ru) or to a non-intrinsic contribution of defects or paramagnetic
impurities. The decrease of C between 1 K and 3 K is much stronger than T 3, indi-
cating an excitation gap for the magnons. Such an excitation gap is excepted from
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Figure 5.13: The temperature dependence of the entropy collected below 20 K.
the basal plane (and the c axis) anisotropy seen in the susceptibility.
YbRu2Ge2 seems to present the classical behavior of a magnetic trivalent Yb
compound. The surprise came when we looked at the magnetic entropy S(T ), which
we calculated by integrating the measured C(T )/T up to 20 K (Fig.5.13). Because
LuRu2Ge2 does not form, it was not possible to determine and subtract the phonon
contribution to C(T ). However, for the calculation of S(T ) in the temperature range
considered here (T < 12 K), the phonon contribution can be safely ignored because
its contribution is negligible. As an example, the total entropy of the non-magnetic
compound LuRh2Si2 at 12 K amounts to 0.17 J/mol K, less than 2 % of the total
entropy we determined for YbRu2Ge2 at the same temperature. In a tetragonal
environment, the crystal field splits the J = 7/2 state of Yb3+ into four Kramer
doublets, with an energy spacing usually larger than 50 K. Thus only the lowest
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doublet is relevant for the magnetic properties at low temperatures and one expects
S(T ) close to Rln2 slightly above TN. Our surprising result is that the magnetic
entropy of YbRu2Ge2 just above the highest transition T0 is much larger. It almost
reaches Rln4. This result, which was reproduced with different samples, proves that
in YbRu2Ge2 the first excited crystal field doublet is almost degenerated with the
ground-state doublet. The excitation energy being less than 10 K (∼1 meV). After
our observation we looked in the literature [23], and found that for the homologue
and isoelectronic compound YbRu2Si2, a CEF calculations based on an extrapolation
of the CEF scheme of other RRu2Si2 compounds (R = Rare earth) postulated a small
excitation energy (25 K) for the first excited CEF level. However, there is up to now
no experimental confirmation of such a low-level splitting in YbRu2Si2. Thus, our
investigation reveals a very unusual quasiquartet CEF ground state in YbRu2Ge2,
which is unique among YbT2X2 compounds. More about CEF will be discussed in
the context of the inelastic neutron experiment.
With this knowledge on the basic properties of YbRu2Ge2 we now discuss the
effect of a magnetic field on the transitions. Fig. 5.14 shows C/T versus T for
different magnetic fields, applied along hard c axis. All three transitions shift slightly
to lower temperatures with increasing field, the shifts being roughly proportional to
B2 as demonstrated for T1 in the inset of Fig 5.14. While T0 and T1 remain sharp
and visible up to the highest investigated magnetic field (B= 13 T), T2 disappears
basically merging with T1 between B = 7 T and 13 T.
The effect of a field along the [100] direction (easy plane) is much stronger than
expected and differs strongly for T0 and T1 in comparison to fields along the [001]
direction. T1 is shifted to lower temperature with increasing field, down to 4 K at
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Figure 5.14: Temperature dependence of the heat capacity of YbRu2Ge2 in a plot
C/T versus T for different fields applied along the c axis. Inset: T1 versus B
2.
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Figure 5.16: Field dependence of the specific heat anomaly at T0 for fields applied
along the [110] axis.
B = 5 T and to below 2 K at 7 T (Fig. 5.15), the shift being also roughly propor-
tional to B2. By contrast, the upper transition T0 shifts to higher temperatures with
increasing field, up to 12 K at B = 4 T, and broadens. At 7 T, the specific heat
reveals only a broad Schottky-like anomaly without signs of further transition. Fig.
5.16 shows more details on the field dependence of the T0 anomaly for field applied
along [110]. The transition remains unchanged up to a field of 1.5 T. Upon further in-
creasing the magnetic field, the transition shifts to high temperatures and gets broad,
similar to ferromagnetic transitions. The behavior along [100] is identical within the
accuracy of the experiments (see inset of Fig. 5.15). In summary, a magnetic field
applied along the hard c direction leads only to a small decrease of all the transition
temperatures. By contrast, a magnetic field along the basal plane induces a rapid
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Figure 5.17: Temperature dependence of the resistivity normalized to its value at
300 K. Inset, normalized resistivity plotted on a logarithmic T scale in the tempera-
ture range 10 K < 70 K.
decrease and disappearances of T1 and T2, while T0 becomes broader and shifts to
higher temperatures for Bab > 1.5 T. The latter behavior is incompatible with a three
dimensional antiferromagnetic ordering and more similar to that of a ferromagnetic
transition, which, however, can be excluded from the absence of any strong anomaly
in χ(T).
5.3.3 Resistivity of YbRu2Ge2
The temperature dependence of the resistivity normalized to room temperature is
shown in Fig. 5.17. The resistivity was measured for current in the basal plane
(J//ab). The resistivity ratio ρ(300K)/ρ(2K) = 22 is an indicator for the good
quality of the sample. The resistivity linearly decreases with temperature down to 70
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K and shows a minimum around 50 K below which the resistivity starts to increase
with decreasing temperature. This increase is sample dependent, in contrast to all
other features in ρ(T) which are very well reproducible. In the inset of the Fig 5.17
we plot the resistivity versus temperature in the range 10 K to 70 K, on a logarithmic
temperature scale. Below 50 K down to 11 K (just before the transition) this increase
of ρ(T ) is linear on a log T scale. Thus, while the decrease of ρ(T ) from 300 K down
to 50 K indicates a metallic behavior, we tentatively attribute the increase below 50
K to weak Kondo-type interactions. In the inset of Fig 5.18, we show the detail of
ρ(T ) at lower temperatures. At 10.2 K ρ(T ) exhibits a sharp break in the slope,
from a negative one at T > T0 to a positive one at T < T0. The slope in ρ(T )
strongly increase further at T1 = 6.5 K and only slightly more at T2= 5.7 K. Thus,
all three transitions are also visible in the resistivity. The decrease in ρ(T ) below the
transition, especially below T1, can be attributed to the freezing out of spin disorder
scattering.
The main part of Fig. 5.18 shows the effect of a magnetic field (applied along the
c axis) on ρ(T ) at low temperatures. The resistivity was measured in the temperature
range between 2 K and 20 K under an applied magnetic field up to 14 T. The effect of
the magnetic field on ρ(T ) is rather weak. Upon increasing field the phase transition
anomalies shift to lower temperatures, in agreement with the specific heat results
for B ∥c. Even at 8 T there is a clear change in slope at each transition. Further
increasing the field to 14 T shifts T0 to 7.7 K and the magnetic transition to 5 K, but
it is impossible to distinguish between T1 and T2.
We also looked at the magnetoresistance at temperatures above the upper transi-
tion T0 and below T0. Fig. 5.19 (upper part) shows the dependence of the resistivity
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Figure 5.18: Temperature dependence (main part) of the resistivity normalized to its
value at 300 K at different magnetic field (B ∥c). The inset shows ρ from 2 K to 15
K. Kinks marked by arrows correspond to transitions at T0, T1 and T2, respectively.
(normalized to its value at 300 K) on magnetic field applied along the c axis for
temperatures between 12 K and 40 K. While the decrease of ρ(B) at higher temper-
atures and higher fields can trivially be attributed to the reduction of spin disorder
scattering, the slight increase observed at low temperature and low field is likely due
to an increase of fluctuations because a field applied along c suppresses the order-
ing. A popular way to analyze the magnetoresistance in Kondo lattices is to plot
the magnetoresistance (normalized with ρ at B = 0 and at the same temperature)
as a function of an effective field B∗ = B/(T + T ∗). We obtained a quite reasonable
scaling with T ∗ = 10 K (lower part of the Fig. 5.19). T ∗ is a measure of the charac-
teristic exchange interaction working against the magnetic field. Thus, this analysis
indicates that the characteristic exchange energy scale in YbRu2Ge2 is of the order
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Figure 5.19: (a) Isothermal resistivity curves as a function of magnetic field mea-
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Figure 5.20: Magnetoresistance as a function of magnetic field along the basal plane
measured below T1.
of 10 K. Fig. 5.20 shows the magnetoresistance plots as a function of magnetic field
along the basal plane measured below T1. It shows two anomalies, one corresponding
to the metamagnetic transition and another possibly due to T1(B) or T2(B). For
example at 2 K, the clear anomaly at 1.6 T is due to the metamagnetic transition in
agreement with the step observed in the magnetization. The anomaly at 5 T in the
magnetoresistance at 2 K can be connected to one of the magnetic transition (T1(B)
or T2(B)), since it shifts to lower fields upon increasing temperature, in accordance
to the results of the specific heat (see Fig. 5.15).
Interestingly, it turns out that there is a quite good correspondence between the
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Figure 5.21: Comparisons between (a) C/T , (b) the derivative of the magnetic sus-
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temperature dependence of C/T , that of dρ(T )/dT and dχc(T )/dT in the temper-
ature range between 12 K and 2 K. While some relations between C(T ) and χ(T )
as well as between C(T ) and ρ(T ) have already been demonstrated and discussed in
the literature [24], such a good, almost quantitative correspondence has rarely been
observed.
The results obtained in the different measurements allow to draw the magnetic
H − T phase diagram. The partial H − T phase diagrams of YbRu2Ge2 for the
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magnetic field applied along the directions [100] and [110] are displayed in Fig. 5.22.
The transition temperatures were determined from the specific heat, resistivity and
magnetic susceptibility measurements. Open circles, squares and triangles are based
on results from specific heat, closed circles and squares from derivative of magnetic
susceptibility, stars from magnetization and open pentagons from magnetoresistance
measurements, respectively. We can define four phases: QI, AFII, AFIII and AFIV.
At the transition between the disordered paramagnetic phase and the Q1 phase we
observe only a very weak signature in the susceptibility, a medium size anomaly in
ρ(T ) but a large anomaly in C(T ) proving that it is a cooperative transition towards
a long-range ordered state. Up to 1.5 T the transition remains unchanged while with
further increasing field (∥ab) it shifts to higher temperatures and broadens. By con-
trast, the transition between QI and AFII behaves like an AF magnetic transition
with a strong drop in magnetic susceptibility and a transition temperature shifting
to lower temperatures with increasing the applied magnetic field. The metamagnetic
transition between AFIII and AFIV is associated with only a small step in the mag-
netization compared to classical metamagnetic transition. The critical field B = 1.6
T increases only slightly with increasing temperature.
After the study of the bulk thermodynamic, transport and magnetic properties of
YbRu2Ge2, we report on neutron and µSR experiments. These measurements give a
microscopic insight into the physics of this system and are, thus, complementary to
the C(T ), ρ(T ) and χ(T ) measurements performed in house.
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5.4 Investigation of YbRu2Ge2 with µSR and Neu-
tron scattering
The zero-field (ZF) µSR measurements were performed at the pulsed neutron and
muon facility at ISIS (Rutherford Appleton Laboratory, UK), using the µSR spec-
trometer. In this spectrometer the sample was mounted into an Oxford Instruments
Variox cryostat (1.2 K - 300 K). 100 % spin polarized muons with an energy of ap-
proximately 3.2 MeV are implanted in the sample. These muons come to rest rapidly
(in 10−10s), thermalize in the sample and then precess around the magnetic field at
the muon site and subsequently decay into positrons [25, 26]. These positrons are
emitted preferentially, along the spin direction of the muon at the time of decay. The
neutron diffraction data were obtained on polycrystalline samples of YbRu2Ge2 with
the 2-axis diffractometer D20 at the ILL reactor in Grenoble using neutrons with
a wavelength 2.41 Å. The neutron measurements were performed at different tem-
peratures between 2 K and 15 K in order to check all three transitions which were
observed in other physical properties. For the confirmation of the crystallographic
structure and the determination of magnetic structures Rietveld refinements of the
powder diffraction data were carried out with the program FullProf using the atomic
scattering factors provided by the program for the neutron wavelength [28].
5.4.1 Zero field muon spin measurements
Fig. 5.23 shows the time dependence of the muon polarization spectra taken from
polycrystalline samples of YbRu2Ge2. Fig. 5.23 has six curves which were collected
at different temperatures, 15 K (above all the transitions), 8.5 K (below T0), 6.25
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Figure 5.23: µSR spectra of YbRu2Ge2 collected at different temperatures, show-
ing very small depolarization rate at 15 K and 8 K, but strong depolarization with
coherent oscillations below 6.25 K.
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K (below T1), 5.75 K (below T2) and 2 K (below all three transitions). The 15 K
spectrum which is in the paramagnetic region shows very weak muon depolarization
rate due to fluctuating Yb and nuclear moments. At 8.5 K, which is below the transi-
tion at 10 K (the suspected quadrupolar phase) the depolarization rate has only very
slightly increased reflecting a minor increase in the fluctuation of the Yb 4f moments.
This is a strong evidence for the absence of magnetic order at 8.5 K. However, at
6.25 K and lower temperatures the results evidence a strong depolarization rate with
coherent oscillations indicating long-range magnetic ordering.
Above T1, the µSR polarization signal G(t) is found to be composed of two expo-
nentially relaxing components A2 and A3. These two parameters are proportional to
the relative amount of muons contributing to the respective behavior. Thus, in this
temperature region, G(t) can be fitted with equation
G(t) = A2exp
(−λ2t) + A3exp
(−λ1t) + C (5.4.1)
where C accounts for the time-independent background. Below T1 a further term
representing the spontaneous muon Larmor precession in the internal field due to
the ordered state has to be included. Thus, in the magnetically ordered states the
following equation has to be used.
G(t) = A1
sin(wt+ P )
(wt+ P )
+ A2exp
(−λ2t) + A3exp
(−λ1t) + C (5.4.2)
w is the precession frequency due to the local magnetic field, A1 is again an
asymmetry parameter and P is related to the position of the detector. Fig. 5.24 and
Fig. 5.25 show an example for a fit above T1 and below T1, respectively.
The temperature dependence of the most relevant fit parameters is shown in Fig.
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Figure 5.24: Zero-field muSR spectrum collected in the paramagnetic region with the
solid line representing the fit.
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Figure 5.25: Zero-field muSR spectrum (open circles) collected at 2 K below all three
transitions with the fit (solid line).
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Figure 5.26: (a) Temperature dependence of the amplitudes of the asymmetries com-
ponents. The amplitudes are associated with the paramagnetic A2 and magnetic A1
volume fractions. (b) Temperature dependence of relaxation rates λ2.
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5.26. The asymmetry parameter A2, which is proportional to the paramagnetic vol-
ume fraction, is constant above 8K, but decreases steeply near T1 and stays constant
below 5 K. Simultaneously A1 corresponding to the volume fraction increases steeply
below T1 and saturates below 5 K. This is a direct evidence for the onset of magnetic
order below T1. The relaxation rate λ2 of the paramagnetic part A2 increases slightly
and continuously decreasing with temperature from 50 K (not shown) to T1, without
showing any anomaly near T0. This is a strong indication that T0 is not associated
with magnetic ordering. Just above T1, λ2 shows the beginning of a divergence, as
commonly observed above a magnetic transition. Below T1, λ1 stays approximately
constant (not shown) but with a large scattering likely due to the smaller A2. The
origin of the small amount of paramagnetic signal evidence by A2 below T1 is yet
not clear. The same problem applies for the real second paramagnetic contribution
connected with A3 (not shown), which shows a small, temperature-independent relax-
ation rate λ1 (not shown) in the whole temperature range (also below T1), but a small
decrease of A3 below T1. A possible origin might be a contribution from the sample
holder. The X-ray diffraction pattern of the powder used for these µSR measurments
did not show a sufficient amount of impurity phases to account for the quite large
contribution A3.
The precession frequencies w of the muon is proportional to the internal field
at the muon site, which in turn is proportional to the size of the ordered magnetic
moment. Thus, the T dependence of ω (inset of Fig. 5.27) traces the evaluation of
the staggered magnetization. ω increases very strongly below T1, shows a kink at T2,
and saturates below 4 K. Thus, the temperature dependence of ω confirms both the
onset of magnetic order at T1 and a change in magnetic structure at T2.
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Figure 5.27: Temperature dependence of internal magnetic field at the muon site.
Inset shows the muon precession frequency.
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Figure 5.28: Neutron-diffraction pattern of YbRu2Ge2 recorded at 8 K above the
magnetic phase transition (points) together with the best fit (the full line). The full
line at the bottom represents the difference between the experimental data and the
fit and the vertical lines are the position of excepted nuclear Bragg peaks.
5.4.2 Neutron diffraction
In order to investigate the nature of the magnetic phases, neutron diffraction patterns
were obtained at different temperatures from 15 K (paramagnetic region) down to
2 K (well below the three transitions). All diffraction patterns were taken in zero
applied magnetic field. Fig. 5.28 shows the neutron-diffraction pattern recorded
at 8 K, where only nuclear peaks of YbRu2Ge2 are visible. The refinement of the
8 K spectrum confirms the ThCr2Si2 structure with lattice parameters a = 4.190
(10) Å and c = 9.710 (20)Å. The blue line represents the difference between the
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Figure 5.29: Magnetic diffraction pattern of YbRu2Ge2 at 2 K, obtained by sub-
tracting the spectrum collected at 12 K from the spectrum collected at 2 K after
appropriate scaling. The marks at the bottom denote peak positions expected for
propagation q = (0.3516, 0, 0).
experimentally measured intensity and the theoretically calculated pattern while the
vertical lines represents the expected peak positions. The absence of changes between
the diffraction patterns at high temperatures (not shown) and at 8 K indicates that
there is no large lattice distortions at 10 K. Below T1, additional diffraction peaks
appear, a direct proof for the onset of antiferromagnetic order. We first determine
the magnetic structure at 2 K.
To separate the magnetic Bragg peaks we subtracted the diffraction pattern col-
lected at 15 K from that collected at 2 K, after appropriate scaling. The difference
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shown in Fig. 5.29 evidences intense Bragg peaks due to the antiferromagnetic order-
ing of the Yb sublattice. The difference pattern at 2 K is characterized by the satellite
peaks at positions which do not coincide with reciprocal lattice points of either the
chemical cell or any simple multiple of the chemical unit cell. All the new reflections
of magnetic origin could be indexed assuming a propagation vector q = (0.3516, 0,
0), which indicates an incommensurate magnetic order at 2 K. With this propagation
vector we could perform a complete fit of the magnetic diffraction pattern. The solid
line in Fig. 5.29 shows the fit for the propagation vector q = (0.3516, 0, 0). The
vertical lines mark the positions of the expected magnetic Bragg peaks for this prop-
agation vector, and the bottom line shows the difference between the experimental
and calculated patterns. The fit provides evidence that the Yb moments are aligned
in the basal plane, along the [010] direction. The ordered magnetic moment is found
to be 3.95 µB per Yb ion at 2 K. All the magnetic Bragg peaks disappear at 7.4
K, and a long time measurement at 8.0 K shows no extra peaks other than nuclear
ones confirming that there is no magnetic ordering at 8.0 K, in agreement with µSR
measurements.
In order to check for the T2 transition we plot the intensity of the magnetic peaks
versus temperature. Fig. 5.30 shows the intensity of the first three strong magnetic
peaks as a function of temperature. The magnetic intensity appears at around 7.5 K.
This corresponds to the onset of magnetic order and is consistent with the broader
anomaly observed around T1 in specific heat measurements of polycrystalline sample.
The intensity increases smoothly with temperature, without an anomaly at T2 (5.5
K). However we found a very small change in the position of these peaks at 5.5 K (not
shown here), which suggests that there might be a small change in the propagation
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Figure 5.30: The integrated intensity of the first three strong magnetic peak as a
function of temperature.
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vector.
The determined magnetic structure of YbRu2Ge2 at 2 K is shown in Fig. 5.31.
The magnetic moment of the Yb atoms are oriented perpendicular to the c axis in
agreement with the anisotropy found in the magnetic susceptibility, and perpendicular
to the propagation vector. They form an incommensurate antiferromagnetic phase.
In summary, both the results of the muon spin rotation and neutron diffraction
experiments confirm the onset of long-range magnetic order below T1 and the absence
of such order between T1 and T0. The magnetic structure below T1 could be deter-
mined from the neutron diffraction experiment. It corresponds to an incommensurate
structure with propagation vector QAF = (0.3516, 0, 0). and a large ordered moment
µAF = 3.95 µB aligned perpendicular to QAF within the basal plane. The change
in the magnetic structure at T2 could not be resolved in the neutron diffraction ex-
periments. This change is likely rather small, as evidenced by only a small kink at
T2 in the temperature dependence of the muon precession frequency. Thus further
experiments are needed in order to clarify the change at T2, as well as wether the
propagation vector remains incommensurate down to lowest temperature.
5.4.3 Inelastic Neutron Scattering
From the entropy of Rln4 collected in the specific heat below 14 K, it was clear that the
crystal electric field ground (CEF) state is a quasi quartet. In order to study the CEF
scheme of YbRu2Ge2 we did inelastic neutron scattering experiment at HET (ISIS)
and IN6 (ILL). Magnetic excitations can be distinguished from phonon excitations
through their temperature dependence and momentum transfer dependence. For
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Figure 5.31: Proposed magnetic structure of YbRu2Ge2 at 2 K.
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Figure 5.32: Upper part shows the raw data for YbRu2Ge2 with the Q and energy-
dependence at 2 K. Only one well defined crystal field excitation is observed at 32
meV. Lower part compares the inelastic spectra of YbRu2Ge2 and LaRu2Ge2 at 2 K.
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that purpose additional inelastic neutron experiments were also performed on non-
magnetic LaRu2Ge2 (LuRu2Ge2 does not form) to check the phonon contribution.
Both YbRu2Ge2 and LaRu2Ge2 powder samples were loaded in Al foil.
In the tetragonal ThCr2Si2 structure type, all Yb sites are equivalent. The mag-
netic susceptibility and specific heat confirm that in YbRu2Ge2 the Yb ion is in a
stable 3+ state. Then one excepts the CEF to split the J = 7/2 multiplets into four
doublets. Accordingly one would in general expect to observe three crystal-field exci-
tations in the inelastic neutron scattering spectra at low temperatures. As mentioned
earlier, in the isostructual compounds YbRh2Si2 three excitation have indeed been
observed in the inelastic neutron scattering at 17 meV (first excited level), 25 meV
(second excited level) and 43 meV (third excited level) [21].
Fig. 5.32 (lower part) shows the neutron spectra of YbRu2Ge2 and LaRu2Ge2 at
T = 2 K for incoming energy E = 50 meV. The upper part of Fig. 5.32 shows the
raw data of the Q dependence. A direct subtraction of a nonmagnetic spectra is not
possible because the Lu compound does not form and the mass difference (thus the
difference in phonon frequency) between La and Yb is too large.
There is a clear strong excitation at 32 meV and two further weak excitations at
lower energy. An analysis of the Q dependence of these data indicates that only the
peak at 32meV corresponds to a magnetic excitation, while the other structures in
the plot correspond to the phonon contribution [27]. This suggests that the third
excited CEF level is at a much higher energy while the first excited level is at lower
energy, within the quasi elastic line as expected from the specific heat.
Using the information from the entropy that the first excited CEF state lies below
10 K (1 meV) and locating the second excited level at 32 meV based on inelastic
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Figure 5.33: Preliminary CEF scheme of YbRu2Ge2.
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neutron measurements. M. Rotter [32] analyzed the strong anisotropy in the magnetic
susceptibility, and performed a first estimation of the CEF scheme of YbRu2Ge2 with
Mcphase [29]. Fig. 5.33 shows the deduced preliminary CEF scheme, which gives a Γ6
as the ground state and a Γ7 as the first excited state, close to the ground state with
a separation of only 0.9 meV. While the second excited level is a Γ7 at 32 meV, the
third one (Γ6) is at much higher energy, around 91 meV. Despite the anisotropy of the
magnetic susceptibility it is similar in YbRu2Ge2 and YbRh2Si2, the CEF schemes are
quite different. However, the CEF scheme of YbRu2Ge2 is somewhat similar to that
proposed for YbFe2Ge2, where also a first excited CEF level at a rather low energy
∆ ≃ 2.3 meV ∼ 26 K has been suggested. The total number of valence electrons in
YbRu2Ge2 and YbFe2Ge2 is the same, thus one can except similar CEF scheme in
both compounds.
171
5.5 Discussion and Conclusion
The presence of a quasiquartet CEF ground state is a unique situation among Yb-
based compounds crystallizing in the ThCr2Si2 structure type. With such a quasi-
quartet CEF ground state and taking into account the anomalous behaviour of T0,
like large specific heat anomaly contrasting an extremely weak anomaly in χ(T ),
quadrupolar ordering becomes more relevant and has to be considered. For the tran-
sition at T1, the situation is rather simple: the strong decrease of χab(T ) and χc(T )
below T1 indicate that this transition corresponds to antiferromagnetic ordering, as
confirmed by neutron and muSR experiments. As a consequence, the transition at
T2 is likely related to a change of the magnetic structure. By contrast, for T0 the
situation is less clear. At first we note that T0 is larger than the highest magnetic
ordering temperature reported up to now in intermetallic Yb compounds, which is
TN = 7.5 K in Yb3Cu4Ge4 [30]. The absence of a visible anomaly in the easy plane
susceptibility at T0, despite a large mean-field like anomaly in C(T ) and a weak
anomaly in the susceptibility along the hard direction, is unusual for a pure magnetic
ordering. Also the increase of T0 for fields along the easy direction is not expected
for an antiferromagnetic transition in a three-dimensional system. By contrast, these
results correspond to the behavior expected for quadrupolar ordering. As an exam-
ple, our observations in YbRu2Ge2 are almost identical to those reported for TmAu2,
where the upper transition was revealed to be ferroquadrupolar ordering. The be-
havior we observe at T0 and the similarities with TmAu2 strongly suggest that the
transition at T0 in YbRu2Ge2 corresponds to quadrupolar ordering. While for some
compounds of the rare-earth elements quadrupolar ordering is quite common, there
is no well established example for quadrupolar ordering in a Yb-based compound.
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As discussed in the introduction, the claim of a mixing type quadrupolar order in
YbSb is controversial, while the claim for such an order in YbAl3C2 was proven to be
inappropriate. One of the main problem is that there was up to now no example for a
Yb compound with a stable trivalent magnetic Yb and a quartet CEF ground state.
Thus, YbRu2Ge2 likely presents a unique type of ordering among Yb compounds.
Our results might also have some consequences for the interpretation of the unusual
properties of YbRh2Si2.
Finally, we discuss the partial H − T phase diagram. From the phase diagram
(Fig. 5.22) it is clear that there are three ordered phases in zero magnetic field and
at least one more at higher field. All the zero applied magnetic-field transitions were
observed in both polycrystalline samples as well as in single crystals. A small dif-
ference in transition temperature were detected because the transition is quite broad
in polycrystalline samples, but sharp in single crystals. Polycrystalline samples were
synthesized using a solid-state synthesis route which possibly induces more disorder
in the sample. The strong drop of magnetic susceptibility measurements in single
crystals at T1 corresponds to AF ordering and accordingly this transition shifts to
lower temperatures upon increasing the magnetic field. The same applies also for
the transition at T2. By contrast, T0 presents a very different field dependence, T0
shifts to higher temperatures with increasing magnetic field along the easy basal plane
but it shifts to the low-temperature side when the field is applied along the hard c
axis. Recently, motivated by our results on YbRu2Ge2, Takimoto and Thalmeier [31]
proposed a mean field model for YbRu2Ge2 based on a quasiquartet ground state.
They could reproduce both the H − T phase diagram as well as the anomalies ob-
served in the susceptibility, magnetization and specific heat. In this model T0 indeed
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corresponds to ferroquadrupolar order, and T1 to additional magnetic order.
Recent thermal expansion measurements on YbRu2Ge2 also support quadrupolar
ordering at 10 K [32]. In zero magnetic field one observes strong changes in the
thermal expansion measured along c direction at the ordering temperature T0 = 10
K. Upon applying a magnetic field along the basal plane, the temperature where the
thermal expansion displays this strong change in the slope increases. For magnetic
fields larger than 2 T this 10 K anomaly becomes broad and finally disappears.
In conclusion, we have investigated the physical properties of YbRu2Ge2 com-
pound by means of susceptibility, specific heat and resistivity measurements. The
susceptibility is strongly anisotropic, being much larger for fields in the basal plane
than along the c direction. For fields along the easy plane χab(T ) follows a Curie-
Weiss law with an effective moment close to the value for free Yb3+, while for fields
along the hard direction the curve 1/χc(T ) versus T shows a strong negative curva-
ture indicating a large overall CEF splitting. The temperature dependence of the
resistivity follows a standard metallic behavior above 50 K and shows a weak Kondo
type increase below 50 K. At lower temperatures, anomalies in C(T ), ρ(T ) and χ(T )
evidence three successive phase transitions at T0 = 10.2 K, T1 = 6.5 K and T2 =
5.7 K, T0 being larger than the highest Yb-magnetic ordering temperature observed
up to now in intermetallic Yb compounds. Just above T0, the magnetic entropy cal-
culated from the specific heat reaches almost Rln4 instead of Rln2 as expected for
a CEF ground-state doublet. The large anisotropy of the susceptibility, the Curie
Weiss behavior of χ(T ) along the easy plane, the large magnetic entropy collected at
low temperatures and the weakness of the Kondo like increase in ρ(T ) demonstrate
that Yb is in a stable trivalent state. S(T ≥ T0) ≈ Rln4 proves that the energy
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of the first CEF excited doublet is lower than 10 K, leading to a quasiquartet CEF
ground state, a unique situation among Yb compounds. The shape of the anomalies
at T0 in χ(T ) and its behavior in a magnetic field are unusual for magnetic order-
ing, but very similar to those reported at the ferroquadrupolar ordering in TmAu2.
In view of the quasiquartet CEF ground state, this strongly suggests the transition
at T0 to be of quadrupolar ordering. By contrast, the strong decrease of χ(T ) at
T1 indicates antiferromagnetic ordering, while the transition T2 is likely related to a
change in the magnetic structure. The combination of a quasiquartet CEF ground
state, a high ordering temperature and the likely relevance of quadrupolar interactions
makes YbRu2Ge2 a very interesting system among Yb-based compounds. Neutron
diffraction and muSR experiments were performed in order to reveal the nature of
the different transitions. Both experiments confirm magnetic order below T1 and its
absence above T1, supporting quadrupolar ordering as origin for the transition at T0.
The neutron scattering allowed the determination of the magnetic structure at 2 K as
an incommensurate magnetic structure with the propagation vector QAF = (0.3516,
0, 0) and a large ordered moment of µAF = 3.95 µB aligned perpendicular to QAF
within the basal plane.
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Chapter 6
Summary and Conclusions
In summary, in the first part of this work we report on the successful synthesis of sin-
gle crystals of CeCu2Si2 with precise ground-state properties and with the masses up
to 5 g. We found a clear relation between the ground state and the residual resistivity
ratio, which reflects the disorder in the system. The magnetic susceptibility for differ-
ent types of single crystals shows a small but systematic dependence, being largest for
A type and smallest for the S type. The electronic specific heat clearly demonstrates
four different ground states with a broader and smaller anomaly in A-type CeCu2Si2
due to a magnetic transition and a sharper and much larger anomaly in S type due to
a superconducting transition. C/T just above the transition is larger in A-type single
crystals and smallest for S-type, indicating an increase of the Kondo scale from A to
S type. This increase in C/T is also in agreement with the results of pressure mea-
surements. The low-temperature resistivity shows non-Fermi liquid behavior above
TN or Tc with an almost linear temperature dependence below 3.5 K. The exponent
in the power law decreases from S to A type and is slightly larger for current in the
basal plane than for current along c axis. The most important result is that our large
single crystals allowed for the first time the successful observation of the magnetic
179
180
Bragg peaks in A-type single crystals. This proved that the A phase is nothing but a
long-range incommensurate antiferromagnetic phase with a propagation vector (0.21
0.21 0.54). In AS-type single crystals, the long-range magnetic order competes with
the superconducting phase, i.e., the magnetic order becomes suppressed by the super-
conducting phase. Interestingly, short-range magnetic correlation coexists with the
superconducting phase in S-type single crystals. First inelastic neutron experiments
show a possible relation between the superconducting and magnetic phases evidenced
by the formation of a spin excitation gap in the magnetic excitation spectra at the
antiferromagnetic propagation vector below Tc.
We also preformed the single-crystal growth and detailed investigations of CeCu2(Si1−xGex)2.
Here, the 2 % Ge-doped single crystals show competing SC state with Tc = 0.5 K
and AFM state with TN = 0.7 K, the former one expelling the later one below Tc, as
in pure, undoped CeCu2Si2 single crystals of A/S type. By contrast, bulk SC was up
to now only observed in one of 10% Ge-doped single crystals. However, the SC state
in 10% Ge-doped CeCu2Si2 seems to be even more sensitive to the stoichiometry and
defects than in the undoped CeCu2Si2. The present studies leave many questions
still open, but gives some ideas for improvement. Thus, further studies both on the
growth and on the physical properties of 5 % to 10 % Ge-doped single crystals are
necessary to get a deeper insight into the regime where SC and AFM state coexist.
In the second part of the thesis we have synthesized both polycrystals and single
crystals of YbRu2Ge2 and investigated the physical properties of this compound by
means of susceptibility, specific heat and resistivity measurements. The susceptibil-
ity is strongly anisotropic, being much larger for fields in the basal plane than along
the c direction. The temperature dependence of the resistivity follows a standard
181
metallic behavior above 50 K and shows a weak Kondo-type increase below 50 K.
At lower temperatures, anomalies in C(T ), ρ(T ) and χ(T ) evidence three succes-
sive phase transitions at T0 = 10.2 K, T1 = 6.5 K and T2 = 5.7 K, T0 being larger
than the highest magnetic ordering temperature observed up to now in intermetallic
Yb compounds. Just above T0, the magnetic entropy calculated from the specific
heat reaches almost Rln4 instead of Rln2 expected from the CEF ground-state dou-
blet. The large anisotropy of the susceptibility, the Curie Weiss behavior of χ(T )
along the easy plane, the large magnetic entropy collected at low temperatures and
the weakness of the Kondo-like increase in ρ(T ) demonstrate that Yb is in a stable
trivalent state. S(T ≥ T0) ≈ Rln4 proves that the energy of the first CEF excited
doublet is lower than 10 K, leading to a quasiquartet CEF ground state, a unique
situation among YbT2X2 compounds. The shape of the anomalies at T0 in χ(T ) and
its behavior in a magnetic field are unusual for magnetic ordering, but very similar
to those reported for ferroquadrupolar ordering. In view of the quasiquartet CEF
ground state, this strongly suggests the transition at T0 to be quadrupolar ordering.
By contrast, the strong decrease of χ(T ) at T1 indicates antiferromagnetic ordering,
while the transition T2 is likely related to a change in the magnetic structure. Fur-
ther experiments need to confirm the quadrupolar phase transition, e.g., ultrasonic
measurements. However, at present the single crystal are not big enough to perform
such experiments.
In order to investigate the nature of various phases, neutron diffraction patterns
were obtained at different temperatures from 15 K (paramagnetic region) down to 2K
(much below the three transitions). All diffraction patterns were taken in zero applied
magnetic field. Refinement of the 8 K spectrum confirms the crystal structure of
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YbRu2Ge2 to be of the ThCr2Si2 type tetragonal structure. The spectrum measured
at 2 K clearly shows new peaks corresponding to magnetic order. All new reflections
which are of magnetic origin can be indexed by a propagation vector q = (0.3516,
0, 0), which suggests an incommensurate magnetic order below 2 K. The magnetic
moment per Yb ion is found to be 3.95 µB at 2 K. All magnetic Bragg peaks disappear
at 7.4 K and even after data collection at 8.0 K for a very long time, we did not detect
any signs of magnetic Bragg peaks. This suggests that the phase transition at 10 K
is not associated with magnetic order which is consistent with the µSR data.
Above T1, the zero-field muon spectra can be best described with a single expo-
nential relaxation rate plus a small time-independent background, which implies no
magnetic order found above T1. Below T1, the µSR spectra require an additional
oscillating term, which indicates magnetic order. The magnetic volume fraction at T1
shows a sharp increase and saturates below 5 K. From the precession frequencies ω one
can get the internal magnetic field at the muon site and the temperature dependence
of the precession frequencies. It is clear that muon precession starts at the magnetic
transition (T1) and increases further at lower temperatures. This component reflects
the development of a magnetic field at muon site below T1. The calculated muon-site
magnetic field below 5 K is ≃ 375 G. Furthermore, there is a clear change in the
precession frequencies at T2 associated with the rearrangement of the spin directions
in the magnetic structure at 5.5 K.
The inelastic neutron scattering experiments suggest a clear excitation at 32 meV
and two further weak excitations at lower energy. An analysis of the Q dependence of
these data indicate that only the peak at 32 meV corresponds to a magnetic excitation.
We did not observe more magnetic excitations. Possibly further excitations occur at
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very high energy (above 600 K) and at lower energy (<1 meV), which both are
consistent with our physical properties.
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Die vorliegende Dissertation wurde unter die Betreuung von Prof. Dr. Frank Steglich
und Dr. Cristoph Geibel am Max-Planck-Institut für Chemische Physik fester Stoffe
in Dresden angefertigt. Ich erkenne die Promotionsordnung an.
Hirale S. Jeevan
Dresden, Deutschland
27th. October 2010
186
